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Algae are a diverse polyphyletic group of photosynthetic organisms that contribute to forming 
rich ecosystems within marine and freshwater habitats. Many factors contribute to algal function 
and growth, such as the chemistry of their aquatic environment as well as interactions with other 
organisms through competition, parasitism, and mutualism. An often-overlooked symbiotic 
relationship is between alga and the microbial community that inhabits its surface or intercellular 
space. In fact, studies investigating the algal microbiome are limited and comparative analyses 
are rare. This study examines microbial community compositions of Bangia atropurpurea 
(freshwater Rhodophyta), Bangia fuscopurpurea (marine Rhodophyta), and Cladophora 
glomerata (freshwater Chlorophyta) to gain more information on bacterial diversity and 
composition changes across environment, species, and time. Microbial taxonomy was 
determined through sequencing of the V4 region of 16S rRNA gene. Sequence data was filtered, 
sorted, and analysed with Qiime2 and R. Using MEGA to construct maximum likelihood 
phylogenetic trees, the identification of genera within biologically relevant phyla such as 
Cyanobacteria, Planctomycetes, Verrucomicrobia, and Bacteroidetes were explored.  
Comparisons of algal microbiota isolated from different host species or geolocations 
demonstrated that bacterial communities likely assemble in alga-specific and environment-
specific patterns. Sampling the microbiota of Bangia atropurpurea 14 years apart showed a 
significant decrease in bacterial diversity over this time, which may be attributed to loss of 
certain temporary associations. Future studies can use this data to inform larger metagenomic 
surveys and further investigate the relationships between bacteria and their algal hosts. This will 
provide valuable insight into the microbial effect on algal function which may contribute to the 
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Chapter 1: Introduction 
1.1- Bacteria and Microbe-Host Interactions 
Bacteria perform fundamental roles in the function and health of many environments in 
which they exist. In soil, aquatic, and extreme ecosystems, microbes, including Bacteria, 
Archaea, fungi, and other single-cellular organisms, contribute to metabolic processes that can 
improve quality and nutrient availability for local species (Alivisatos et al. 2015). The term 
“microbiome”, which was initially defined by Whipps et al. (1988) encompasses not only the 
entire community of microorganisms associated with a host or ecosystem, but also any associated 
metabolic by-products and genetic material. With a growing body of literature and increased 
research efforts on host-associated microbial communities (Lloyd-Price et al. 2016; Mendes et 
al. 2013; Sehnal et al. 2021), the need arises for terminology that better describes the precise 
nature of the microbial community that is being studied.  When referring only to the community 
of associated living cells, the term “microbiota” should be used. The microbiome includes non-
living genetic elements such as viruses and phages, along with microbial metabolic products and 
structural elements that are not native to the host (Berg et al. 2020). Most existing literature on 
host-associated microbial communities refers to the living cells as the microbiome although 
“microbiota” is now the more accurate and accepted term. On a holistic level, a single host exists 
as an entire community of Bacteria, Archaea, and viruses that live on or within the host 
(Whitman et al. 1998). This collective community of the host and all associated organisms is 
referred to as the holobiont, which was first introduced by German theoretical biologist Adolf 
Meyer-Abich (1943) and popularized by Lynn Margulis (1991). The holobiont is an ecologically 
and evolutionarily significant unit that comprises symbiotic relationships among all its 
constituent organisms (Baedke et al. 2020). It is important to note that symbiotic interactions are 
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not one-on-one, rather are intertwined amongst all members of the holobiont. Unfortunately, 
there are computational and ecological barriers to investigating these relationships due to myriad 
complexities such as number of interactions, transcriptomic pathways, and external covarying 
factors (Singh & Reddy 2016). Meta-omics approaches, such as metagenomics, metabolomics, or 
meta-transcriptomics are also necessary to distinguish between a true bacteria-host symbiotic 
interaction and the presence of a bacterium that does not have a significant relationship with the 
host organism. These in-depth approaches are indispensable to achieving a deeper understanding 
of multi-species interaction and provide a fuller picture of how gene products and different 
metabolic pathways result in symbiotic relationships between two or more organisms (Patwary et 
al. 2021).  
1.1.1 - Types of Bacteria-Host Interactions 
Bacteria-host symbioses exists in many capacities and forms (Kalia 2015). Two or more 
organisms that live together and closely interact, regardless of net positive or negative effects, 
are said to be part of a symbiotic relationship (Leung & Poulin 2008). The close range between 
microbe and host allows for exchange of nutrients, production of metabolites, or elimination of 
toxins (Kalia 2015). These interactions can broadly be mutualistic, commensal, or parasitic 
which can occur between individual and groups of organisms belonging to different taxa (Hirsch 
2004). The specific type of interaction can vary depending on the host organism, the metabolic 
functions of the microbe, the location of the microbe in relation to the host, and other factors 
(Singh & Reddy 2016). In this project, these interactions will be considered in the scope of the 
bacterial community and its algal host.   
A mutualistic interaction involves a relationship between the microbial community and its 
host from which both parties benefit (Leung & Poulin 2008). Bacteria-host mutualism frequently 
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involves nutrient exchange and material processing. The host often benefits by acquiring new 
physiological capabilities and adapting to novel environmental niches (Relman 2008; Leung & 
Poulin 2008). Mutualistic bacteria-host interactions are often indispensable to both host and 
microbe; hosts can die without an associated microbial community and bacteria may not thrive in 
the host without the shared nutrients (Gilbert & Neufeld 2014). Often a species of microbe can 
fill a metabolic niche that the host is not able to accomplish on its own (Kazamia et al. 2012). 
Mutualism and symbiosis are two distinct terms that are often used interchangeably in ecological 
literature but should be distinguished from one another (Wilkinson 2001). In this report, the term 
“symbiosis” will be reserved for any interaction between two different species, and “mutualism” 
will be used specifically for mutually beneficial relationships between two organisms. 
Parasitism is another type of symbiotic interaction, where one organism benefits and as a 
direct result of this, the other party incurs a fitness cost (Leung & Poulin 2008). There are 
numerous examples of bacterial, viral, nematode, and fungal parasitism, across all ecosystem 
levels, such as the infection of plants by nematodes and mycorrhizal fungi (Guegan 2005). There 
are also many instances of parasitism of algae, such as the adelphoparasitism observed between 
closely related red algal species. The colonization of host alga Sarcodiotheca gaudichaudii by 
Gardneriella tuberifera, and Gracilariopsis lemaneiformis by Gracilariophila oryzoides has 
been observed to result in fusion between host and parasitic cells, leading to loss of 
photosynthetic function and spread of infection (Goff & Zuccarello, 1994). Often the parasite 
can suffer costs due to the host experiencing a loss in fitness as its resources are seeped (Leung 
& Poulin 2008). The parasitic organism cannot continually benefit by stealing the host’s 
resources as eventually the host will not be able to acquire any more nutrients.   
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Commensalism is a third type of symbiotic relationship, which refers to the interaction where 
one party benefits and there no net gain or loss for the other organism (Munguia et al. 2009). 
Microbial commensalism has long been observed in human epidemiology when people carrying 
certain disease-causing bacteria did not experience any symptoms (Casadevall & Pirofski 2000). 
Commensalism is a common feature in the root microbiome (rhizosphere) of land plants (Hirsch 
2004). There is also evidence that some species of bacteria are reliant on commensal 
relationships with other bacteria (Ohno et al. 1999). This is the case with Symbiobacterium 
thermophilum, a thermophilic bacterium that could be grown in a laboratory culture only when 
co-cultured with Bacillus sp strain S (Ohno et al. 1999).  Commensalism is wide-spread 
throughout many ecosystems and organism interactions, and can promote or prevent the survival 
of other members of a microbiome (Casadevall & Pirofski 2000). 
1.2 – Algae 
“Algae” is a broad non-taxonomic term that is used to represent the diverse polyphyletic 
group of chloroplast-containing photosynthetic organisms that cannot be classified as plants. 
However there are some exceptions, such as the non-photosynthetic green algae of genera 
Prototheca and Helicosporidum that underwent evolutionary loss of photosynthetic genes in the 
plastid and nuclear genomes (Suzuki et al. 2018). Adding to this complexity, algae have a long 
evolutionary history that can be traced back to the formation of living organisms 3.5 years ago 
(Schopf et al. 2007). Fossil records of cyanobacteria in the form of stromatolites have been 
found to date back 3.3 to 3.5 billion years (Schopf & Packer 1987) and fossilized Rhodophyta 
dating back about 1.2 billion years has been discovered in the Hunting Formation in arctic 
Canada (Butterfield et al. 1990). Currently, algae exist in a wide array of morphologies, sizes, 
photosynthetic pigments, forms of reproduction, and habitats (Barsanti et al. 2008b) and are 
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significant ecologically, economically, and culturally on a global scale (Voort et al. 2015; Wells 
et al. 2017). As a result, it is vital to understand all aspects of the biological functions of algae, 
including interactions with its associated microbiota.  
1.2.1 – Associated Microbiota of Aquatic Ecosystems and Algae: A Brief Review 
Symbiotic relationships have been well researched in terrestrial plants, the human gut and 
skin, and aquatic organisms (Mendes et al. 2013; Schmidt et al. 2018; Sehnal et al. 2021). 
Valuable findings in land plant rhizobiomes and aquatic organisms have also demonstrated the 
relevance and importance of the microbial community to the host organism (Mendes et al., 2013; 
Sehnal et al., 2021; Uroz et al., 2010; Weinert et al., 2011). Compared to the wealth of literature 
on terrestrial plant and aquatic vertebrate microbiomes, there is a noticeable deficiency in the 
research of microbial communities of algae and their aquatic environments. Existing studies have 
found evidence for the effects of water chemistry on algal microbial community composition, 
effects of bacterial community on the invasiveness of an algal species, and host- and 
environment-specific assemblages of bacteria. 
Microbes in aquatic habitats are vital to both the organisms living within the body of 
water and the surrounding ecosystem, and frequently the quality of drinking water is also 
evaluated by the presence of pathogenic or harmful microorganisms (Alexander et al. 2015). 
Bacteria in the water column may form close associations with various aquatic organisms, thus 
modulating their functionality and health (Sehnal et al. 2021). As a result, if the microbial 
community composition of the water column is modified by rapid environmental changes caused 
by natural or anthropogenic effects, the microbiota of aquatic organisms may also be affected 
(McCormick & Cairns 1994).  
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Large changes in nutrient availability can result in imbalance of microbes, such as in the 
case of large blooms of microbial alga cyanobacteria, which produce toxins such as microcystin 
(Wood et al. 2017). Increased dissolved carbon dioxide concentration in oceans, due to climate 
change, also severely impacts the bacterial community in the water column and in algal growth 
(Minich et al. 2018).  For example, a noticeable dysbiosis, or imbalance, of the bacterial 
community of the oceanic water and microbiota of kelp Macrocystis pyrifera occurred due to the 
increase in CO2 (Minich et al. 2018). In the water column, this change in water chemistry was 
linked with a large increase in abundance of seven genera within order Rhizobiales and a 
decrease in abundance of genera within phyla Bacteroidetes and Verrucomicrobia. The kelp 
microbiota was also affected by change in temperature, which resulted in a decrease in bacteria 
from Alteromonadales and increase in Rhodobacterales and Rhizobiales microbes (Minich et al. 
2018). Different environmental stressors result in varied shifts of bacterial community 
composition, which indicates that the aquatic microbiota is sensitive to natural or anthropogenic 
changes.  
 Microbiomes of marine algae are well characterized across different locales in the world, 
and it has been demonstrated that core algal microbiota are formed depending on species and 
environment of the alga. The bacterial communities of two invasive marine red algae species 
belonging to the genus Asparagopsis showed host-specific assemblage of bacteria (Aires et al. 
2016). The two species, A armata and A. taxiformis, occupy both tropical and temperate regions, 
and are observed in native and invaded mainland and offshore islands (Aires et al. 2016). Using 
these environmental differences, researchers noted that there are unique bacteria to each species, 
as well as to each environment. However, mainland habitats are more encumbered by 
anthropogenic pressures than offshore waters. This study shows that anthropogenic changes in 
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the environment may affect the species composition of the bacterial community due different 
nutrient sources and higher stress habitat (Aires et al. 2016). The research also provides insight 
into the assemblage of microbiota based on the environment. 
Alga-specific bacterial communities have been observed in some algae, such as the marine 
brown alga Saccharina japonica (Balakirev et al. 2012). Each of the three distinct morphological 
forms of this alga, TYP, LON, and SHA, harbours unique microbes which could indicate an 
intermediate stage in its evolution brought on by reproductive isolation (Balakirev et al. 2012). 
Although the different types of algae do not occupy the same environment, some of the unique 
bacterial associations were attributed to the specific algal host rather than the habitat differences. 
TYP-specific lineages included bacteria such as Colwelliaceae, Idiomarina, and Alcanivorax; the 
LON-associated community consisted of Psychromonas, Vibrio, and Cobetia; SHA-specific 
lineages included bacteria such as Gammaproteobacteria, Arenicella, and unclassified 
Alteromonadales (Balakirev et al. 2012). Certain bacteria have also been shown to contribute 
specific protein products for the benefit of the alga, which may further drive species-specific 
symbioses. For example, in brown alga Ectocarpales siliculosus, there are close associations 
with bacteria from order Rhizobiales that produces proteins vital for algal hormone production 
such as auxin and cytokinins (Dittami et al. 2014). Species-specific associations between 
bacteria and algal host may be driven by co-evolutionary factors or the metabolism of proteins 
vital to algal function. 
1.2.2 - Algal Response to Abiotic Environmental Stressors 
Due to the wide variety and complexity of algal sizes and habitats, these organisms have 
a broad range of ideal conditions for growth and reproduction (Barsanti et al. 2008b). Many 
abiotic factors, such as temperature, pH, nutrient availability, light access, O2 and CO2 levels, 
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salinity, and turbidity, are significant contributors to proper algal function depending on the 
species (Butterwick et al. 2005; Barsanti et al. 2008a). Nutrient availability is universal factor 
that affects all types of algae, from microscopic cyanobacteria to filamentous macroalgae 
(Mueller et al. 2016; Wood et al. 2017). Influx of nutrients has been well described to cause 
algal blooms and disruptions to the ecosystem (Lyons et al. 2014). There is also a general 
positive correlation between light intensity and algal growth, often observed in algae that inhabit 
shallow waters or are close to shore, such as Bangia atropurpurea (Schlesinger et al. 1981). One 
of the effects of increased algal growth due to light and nutrient exposure is a higher output of 
dissolved organic carbon (DOC), observed in phytoplankton and seaweeds (Cherrier et al. 2015; 
Mueller et al. 2016). Although interactions with biotic factors such as surrounding fauna, flora, 
and epiphytic macro-organisms are important to consider, extreme changes in certain abiotic 
factors can result in a variety of algal adaptations manifested as physical and genetic 
modifications (Rai & Gaur 2012).  
 As abiotic factors can contribute to improved algal growth, improper quantities of these 
conditions require innate algal adaptations to evade cellular damage (Fogg 2001). Environmental 
stressors in the scope of algal function are defined by Borowitzka (2018) as factors that disturb 
homeostasis. The primary types of stressors that algae experience are physical damage, radiation, 
extreme temperatures, osmotic stress, desiccation, nutrient deficiency, extreme pH, or toxic 
substances (Fogg 2001). Algae have evolved many innate protective mechanisms to defend 
against these stressors, and some of these adaptive responses may contribute to the invasiveness 
or spread of an alga. In response to radiation and extreme light intensity, some  algae employ 
non-photochemical quenching (NPQ), a regulatory pathway that redistributes excess light and 
radiation from excited chlorophylls (Kaňa et al. 2019; Müller et al. 2001). Intertidal marine red 
9 
 
algae, such as genus Gelidium, have been observed to downregulate photosystem II (PSII) in 
response to increased sun exposure (Figueroa & Gómez 2001). Changes in salinity and osmotic 
stress can also be managed by accumulation of various salts and saccharides, depending on the 
algal species (Oren 2002). For example, freshwater green alga Stichococcus bacillaris produces 
sorbitol and proline for intracellular osmoregulation (Brown & Hellebust 1978).  Red alga 
Bostrychia scorpiode accumulates potassium, sodium, and chlorine ions, as well as sorbitol and 
dulcitol, which act as organic osmolytes to lower turgor pressure (Karsten & Kirst 1989). 
Finally, a significant algal adaption is against reactive oxygen species (ROS), such as O2
- and 
H2O2, by increased production of antioxidants (Cruz de Carvalho 2008). Redox reactions 
catalyzed by antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), 
peroxidase (POD), and glutathione reductase (GR) balance the detrimental effects of these 
reactive molecules (Wang et al. 2019). An increase in O2
- and H2O2 concentrations were 
observed in freshwater Bangia exposed to hypersaline conditions and marine Bangia in hypo-
saline water, and was followed by a linear increase in antioxidant enzyme production (Wang et 
al. 2019). Defense against ROS production is also observed in high-intertidal seaweeds such as 
Porphyra (Rhodophyta) during long periods of drought with frequent low-tide events (Ji & 
Tanaka 2002). Desiccation stress was observed to trigger a significantly higher production of 
reactive oxygen species, and these levels subsequently dropped with increased production of 
antioxidants such as CAT, GR, ascorbate peroxidase (AP), and dehydroascorbate reductase 
(DHAR), as well as rehydration (Contreras-Porcia et al. 2011). Although these innate defenses 
are extremely effective against environmental stressors and adaptation to new habitats, the 
microbiome likely contributes to algal acclimation to novel conditions.  
10 
 
1.2.3 – Putative Roles of the Microbiome in Algal Function and Adaptation to Stressors 
 Although algae have many built-in genetic and transcriptomic pathways that respond to 
environmental stress, symbiotic relationships with microbes may bolster these responses. In a 
review by Ghaderiardakani et al. (2020) examination of bacteria-alga interactions show how 
mutually-beneficial relationships result in adaptations and tolerance to various environmental 
stressors. The bacterial communities of algae have been associated with increased cold tolerance, 
adaptation to salinity changes and other oxidative stressors, and tolerance to harmful metals 
(Ghaderiardakani et al. 2020). Bacterial symbionts also have been shown to have neutral or 
commensal associations with algae such as the degradation of algal cell wall polysaccharides 
(Descamps et al. 2006; Cardman et al. 2014). Long-term co-evolution between alga and bacteria 
has strengthened these associations over time and novel interactions are formed under new 
conditions. 
1.2.3.1 - Microbes Associated with Cold Tolerance 
 Various Antarctic seaweeds have been reported to be associated with bacteria that may 
contribute to their adaptation to cold environment and harsh radiation during low tides. The 
proportion of bacterial phyla differs between algae that inhabit cold environments and those in 
temperate or tropical waters (Gaitan-Espitia & Schmid 2020). Gram-positive bacteria such as 
Actinobacteria are strongly associated with Antarctic algae. Three co-occuring algae, 
Adenocystis utricularis, Monostroma hariotii, and Iridaea cordata were observed to have an 
abundance of bacteria from phylum Actinobacteria and a low proportion of Firmicutes in their 
microbiota (Alvarado et al. 2018). The carotenoid pigmentation of these microbes may offer 
protection against oxidative damage, which is particularly important in times of high light 
radiation during the low tide (Leiva et al. 2015). Algae that occupy temporal habitats and 
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experience temperature shifts have been observed to have seasonal variation in their bacterial 
communities. This is documented in the microbiota of marine brown alga Sargassum muticum 
where warmer months were associated with a decrease abundance of bacteria from 
Proteobacteria and Actinobacteria, along with increase in Planctomycetes (Serebryakova et al. 
2018). Some of these phyla also contain psychrophilic and psychrotolerant bacteria that thrive in 
extremely cold temperatures normally below 0°C and up to 15°C in some cases (De Maayer et 
al. 2014).  Psychrophilic bacteria have evolved differential gene transcription depending on the 
temperature. Cold shock proteins (Csps) are one class of proteins that are upregulated in cold 
temperatures, and function by chaperoning RNAs and preventing mRNA breakage during 
transcription and translation (Lee et al. 2013). Such broad shifts in microbial community 
composition indicates that different metabolic functions are required at different temperatures, 
and useful enzymes produced by the different bacteria may be conferred to the algal host. 
Although there is no experimental evidence of increased cold-tolerance in Arctic seaweeds as a 
direct result of association with these microbes, there are clear differences in the bacterial 
profiles of algae occupying colder habitats. Additionally, presence of cold-resistant proteins in 
bacteria associated with algal microbiota has not been confirmed to directly result in cold 
tolerance of the host. This is an area of study that requires more research, as existing literature 
indicates that cold resistance could be the basis of some bacteria-alga symbiotic relationships. 
1.2.3.2 - Microbes Associated with Salinity Tolerance 
 Changes in salinity levels are another environmental stressor that algae adapt to with 
innate cellular pathways, but their microbial communities may also confer some tolerance. As 
Dittami et al. (2016) observe, there are many studies that observe the salinity adaptations within 
the alga itself, but not many to do with changes to the bacterial community composition. Various 
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marine strains of brown alga Ectocarpales show positive correlations between certain bacterial 
species and adaptations to lower salinity levels than normal (Dittami et al. 2016). There were 
some differences in the genera present at the normal or lowered salinity levels, such as higher 
abundance of a bacterium from order Sphingomonadales in the bacterial communities of algae in 
the diluted water samples. However, the ratio of phyla abundance did not significantly change 
between the two experimental conditions (Dittami et al. 2016). This study concluded that 
although the bacterial community composition does shift with changing salinity, it may not 
provide any direct compounds to help the alga adapt to lower salinity (Dittami et al. 2016). Salt-
tolerant bacteria have been observed to form close relationships with terrestrial plants and coral 
in conditions of increased salinity (Röthig et al. 2016; Ansari et al. 2019). In both alfalfa 
Medicago sativa and coral Fungia granulosa, salt-tolerant bacterium Pseudomonas sp. from 
family Rhodobacteraceae was strongly associated with host adaptation to the increased salinity 
stressor (Röthig et al. 2016; Ansari et al. 2019). A protein produced by Pseudomonas that 
directly contributes to salt tolerance has not been elucidated at this time. However, there is a 
consistently strong correlation between host salt tolerance and this bacterium in the literature 
which may also lend to algal adaptation to this stressor. 
1.2.3.3 - Microbes Associated with Tolerance to Conductivity Changes 
 Another less-studied environmental stressor is changes in conductivity. Although this 
metric is related to salinity, it is also affected by any negatively charged anions such as chloride 
(Cl-), nitrate (NO3
-), sulfate (SO4
2-), and phosphate (PO4
3-), or positively charged cations such as 
sodium (Na+), magnesium (Mg2+), and calcium (Ca2+) (EPA, 2012). Due to the variety of factors 
that can contribute to ion levels in a body of water, such as nutrient input from agricultural 
sources, it is difficult to accurately measure and use conductivity as a metric for stress. Perhaps 
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because of these difficulties, the effects of changing conductivity on algae or bacteria have not 
been well studied. In the freshwater green alga Pseudokirchneriella subcapitata (now known as 
Raphidocelis subcapitata), increased ion concentrations triggers a toxin response similar to that 
observed in high saline conditions (Simmons 2012). Bacterial response to conductivity changes 
is equally as unknown, due to the large number of factors that can affect bacterial community 
composition in an environment such as a freshwater lake. The monophyletic cluster SOL, a 
group of filamentous bacteria in the family Saprospiraceae, were studied to assess the differences 
in bacterial assemblage in lakes with low or high conductivity levels (Schauer et al. 2005). 
Ultimately, conductivity is an important stressor to consider in the case of freshwater algae such 
as Bangia atropurpurea. This alga has recently been observed to invade Lake Superior, which 
has lower conductivity levels compared to the other Great Lakes (Shea et al. 2014). The broad 
scope of conductivity changes makes it difficult to perform experimental analysis despite the 
potential role of ion changes in algal adaptation and invasion. Currently there is not enough 
literature to draw any conclusive inferences on the effect of changes in conductivity on 
microbiota compositions and functions. 
1.2.3.4 – Algal Dependence on Microbial Synthesis of Vitamin B12 
 The synthesis of vitamin B12, otherwise known as cobalamin, can be accomplished by 
only a few bacterial and archaeal species, despite the necessity of this molecule as a cofactor for 
the synthesis of methionine in many organisms (Martens et al. 2002). Land plants and some 
fungi are not dependent on vitamin B12 because these organisms do not have cobalamin-
dependent enzyme methionine synthase (METH) and they use a B12-independent form of 
methionine synthase, METE, instead (Eichel et al. 1995). If a functional METE gene is present, 
the organism has no need for vitamin B12 and does not synthesize it. Many algae exhibit vitamin 
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B12 auxotrophy, as cobalamin is required for METH function but is not synthesized by the alga 
itself and must be acquired from external sources (Helliwell et al. 2011). A survey of algal 
genomes found that most algae from phylum Rhodophyta, including Bangia fuscopurpurea 
(Croft et al. 2005), and many algae from Chlorophyta, including Cladophora glomerata 
(Hoflmann 1990), require environmental cobalamin uptake for survival. Genomic sequencing of 
B12-related genes by Helliwell et al. (2011) revealed that dependence on vitamin B12 could be an 
evolved characteristic in some algal species. For instance, auxotrophic green algae Volvox carteri 
and Gonium pectorale have a non-functional pseudogene for METE while a closely related B12-
independent alga, Chlamydomonas reinhardtii, has a functional METE gene, indicating that the 
METE gene could have undergone deleterious mutations throughout the evolution of the 
auxotrophic algae resulting in B12 dependency (Helliwell et al. 2011). Mutualism between 
auxotrophic algae and cobalamin-synthesizing bacteria has been demonstrated in a few species, 
such as between green alga Lobomonas rostrata and three bacteria from order Rhizobiales, 
Mesorhizobiom loti, Rhizobium leguminosarum, and Sinorhizobium meliloti (Kazamia et al. 
2012). In a vitamin B12-free culture, the alga was able to survive only in the presence of the 
cobalamin synthesizers (Kazamia et al. 2012). Although not all algae require a symbiotic 
relationship with bacteria to obtain vitamin B12, this is a limiting factor for many species and 
requires mutualism with microorganisms.  
1.2.4 - Algae of Interest, their Microbiota, and Habitats 
In the present study, the microbiota of several North American algae were examined; 
Bangia atropurpurea, Cladophora glomerata, Bangia fuscopurpurea, and Bangia maxima. B. 
atropurpurea and C. glomerata are both freshwater algae found across the Laurentian Great 
Lakes (Lowe et al. 1982). The marine alga B. fuscopurpurea has been isolated from various 
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marine habitats, while closely related red seaweed B. maxima has been found only in a specific 
niche off the coast of California (Lynch et al. 2008). These algae are ecologically important 
within their ecosystems, but not all algal microbiomes or microbiota are characterized despite 
important functional symbioses and adaptation to environmental stressors. 
1.2.4.1- Bangia atropurpurea  
Bangia atropurpurea is an invasive species found in the Laurentian Great Lakes in North 
America (Lin & Blum 1977). This alga belongs to the evolutionarily complex order Bangiales 
(Rhodophyta), which are represented in the fossil record dating 1.2 to 1.6 billion years ago 
(Butterfield et al. 1990). Phylogenetic analyses based on rbcL and 18S rRNA genes showed that 
B. atropurpurea likely originated in European freshwater sources and were possibly transported 
to the Laurentian Great Lakes in North America via ballast water of ships (Müller et al. 1998). 
This was further corroborated by a karyological analysis that showed a difference in 
chromosome number and size between the freshwater and marine Bangia (Müller et al. 2003). 
The phylogenetic analysis of the rbcL and 18S rRNA genes also confirmed that the freshwater B. 
atropurpurea appears to be a distinct species from the marine Bangia fuscopurpurea, with an 
estimated divergence time of 174 to 265 million years (Müller et al. 1998).  
Although there has not yet been any characterization of microbial communities of B. 
atropurpurea, its cellular structure may allow for unique communities of bacteria to form. The 
algal filaments consist of a thin layer of cells that are up to 50 microns in length and 6 to 10 
microns in width (Belcher 1959). The filaments are very small and as of now, there is no 
literature indicating the presence of endogenous bacteria within Bangia atropurpurea or 
characterizing the exogenous microbial communities on its cell surface. However, it is possible 
that there are endophytic bacteria present within the cell wall, as this is demonstrated in 
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filamentous marine green algae in genus Byropsis (Hollants et al. 2011). The cell wall chemistry 
and composition of Bangia atropurpurea has been investigated in depth to determine if it this 
contributes to its salinity adaptations (Youngs et al. 1998). This is also a good indicator of what 
bacteria could prosper on the cell surface. In red algae, cell surface polysaccharides are mostly 
agars or carrageenans (Usov 1998). Carrageenans are highly sulfated sugars, which have been 
hypothesized to contribute to salinity adaptation (Aquino et al. 2004). In B. atropurpurea, the 
agars are mostly water soluble 3- and 4- linked galactosyl and 4-linked 3,6-anhydrogalactosyl. 
There are also 6-O-methyl galactosyl, and insoluble galactosyl and mannosyl residues (Youngs 
et al. 1998). A scanning electron microscopy study noted that this cell wall is unsuitable to the 
growth of eukaryotic epiphytes due to its mucilaginous surface but is hospitable for many 
bacterial species (Lowe et al. 1982). Apart from this, there have been no studies on the bacterial 
communities of Bangia atropurpurea and there is a considerable gap in molecular classification 
of the bacteria associated with the alga. 
1.2.4.2 - Cladophora glomerata 
Cladophora glomerata (Chlorophyta) is a freshwater green alga that occupies a similar 
habitat as Bangia atropurpurea. In the Laurentian Great Lakes, C. glomerata becomes a nuisance 
during the warmer months as it starts blooming uncontrollably (Smith et al. 2019). Despite 
growing in the same lakes, B. atropurpurea and C. glomerata blooms rarely co-occur as the former 
grows more in the winter months and closer to the shore, while the latter thrives during the summer 
in deeper waters about 1 meter below the surface (Lowe et al. 1982). In terms of morphological 
characteristics, C. glomerata is also a filamentous alga that is made up of cylindrical cells 100-400 
microns long and 40-100 microns in diameter (Johnson et al. 1996). This alga is not only a host to 
bacterial epibionts, but it also provides ideal breeding surface for other algal and eukaryotic 
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epiphytes (Lowe et al. 1982; Higgins et al. 2008). During its growth stage, Cladophora is a 
massive nutrient sink for carbon, phosphorus, and nitrogen, but in its decomposition stage of life 
it releases these molecules back into the water (Higgins et al. 2008). The cell wall of Cladophora 
glomerata has a few unique features which fosters distinct epiphytic species. Its cell wall consists 
of two layers; the inner wall is cellulose and the outer wall is mostly pectin and chitin. Interspersed 
throughout the cell wall are sulfated polysaccharides called ulvans, a feature that is shared among 
algae of class Ulvophyceae (Pankiewicz et al. 2016). Cell surface macromolecules on both green 
algae (ulvans) and red algae (agar, carrageenans) are known to have a wide range of biological 
activities such as anticoagulation, anticancer, and antiviral (Duarte et al. 2004; Surayot et al. 2016). 
In a microbiome study on closely related marine green alga Ulva spp., 235 associated bacterial 
species had enzymatic activity for cellulose and ulvan degradation (Odaneth 2017). These bacteria 
spanned 10 known genera and did not seem to have any other enzymatic role, which may indicate 
that ulvan breakdown is the specialized function of these bacterial taxa (Odaneth 2017). Although 
this test was not conducted for C. glomerata, it is very likely that specialized polysaccharide-
degrading bacteria are present on the cell surface of this alga.  
Of all freshwater algal microbiome and microbiota studies, many have focused on 
Cladophora glomerata. One study noted that the epiphytes are vital for processing many 
substrates produced by C. glomerata (Zulkifly et al. 2012). The sequences observed spanned 9 
phyla, mostly within Bacteriodetes and Proteobacteria but also included taxa within 
Cyanobacteria, and some other unknown bacteria (Zulkifly et al. 2012). The bacterial functions 
include cellulose degradation, methane oxidation and nitrogen fixing, which are maintained by a 
vast variety of bacterial species. The epiphytic community on C. glomerata contained several 
genera of bacteria that have nitrogen-fixing capabilities, including Dechloromonas, Blastobacter, 
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and Devosia (Zulkifly et al. 2012). Similarly, mutual nutrient transfer was inferred due to the 
presence of the bacterial genus Cetobacterium which is known to produce vitamin B12, a 
molecule that is required for the growth of certain algae (Croft et al. 2005). Although 16S rRNA 
gene classification of the epibiome provided a wealth of information, whole-genome shotgun 
sequencing was not performed to confirm presence of the relevant enzymes that play a role in 
mutualism as hypothesized in this study.  
A later study by the same authors delved deeper into the total epiphytic community by 
performing a metagenomic analysis of 16S, 18S and 28S rRNA sequences (Graham et al. 
2015a). The 18S and 28S sequencing revealed a much larger group of potentially symbiotic 
eukaryotic organisms ranging from diatoms, protists, and fungi (Zulkifly et al. 2012; Graham et 
al. 2015a). Again, from the taxonomic classification the presence of certain interactions and 
hence postulated metabolic genes were inferred using protein databases. This analysis yielded 
evidence of nitrogen-fixing and cellulose processing genes in the bacterial species present on 
Cladophora (Graham et al. 2015a). The two studies on the microbial community of C. glomerata 
provided evidence for a vastly diverse epiphytic community of both prokaryotic and eukaryotic 
symbionts, as well as functionality and purpose of these epiphytes (Graham et al. 2015a). 
Although determining functional genes by using protein databases presented more information, 
the findings were limited by inference and lack of whole-shotgun sequencing. Ideally, whole-
shotgun sequencing would provide evidence of specific functional genes present in the organism. 
This would remove the need for inference and allow for conclusive findings. However, 
determining the microbial community composition using 16S rRNA gene sequencing and 
inferring microbial function is the first step in finding microbes of interest and possible 
interactions with their host.  
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1.2.4.3 - The Laurentian Great Lakes 
Bangia atropurpurea and Cladophora glomerata occupy similar niches in the Laurentian 
Great Lakes, a collection of five lakes in North America that covers a surface area of 244,000 
km2 (Paver et al. 2020). Changes in abiotic factors, such as ion concentrations and nutrient input, 
within these lakes can result in algal adaptations and restructuring of microbial communities in 
the water column and host microbiota (Paver et al. 2020; Mahdiyan et al. 2021). Introduction of 
invasive species into the Great Lakes since the 1800’s has changed the natural food webs and 
ecosystem, and has far reaching effects felt to this day (Mills et al. 1993; Ricciardi & MacIsaac 
2000). These factors also have significant impacts on the microbial compositions of the 
Laurentian Great Lakes (Paver et al. 2020).  
Long term trends of ion concentrations in the Great Lakes show significant increases of 
Na1+, Ca2+, Mg2+, Cl-, and SO4
2- in Lake Ontario between 1965 and 2009 (Chapra et al. 2012). 
This translates into a significant upwards trend in conductivity in Lake Ontario, a trend also 
noticeable in Lakes Eerie and Michigan. Lake Superior has experienced the least changes in ion 
concentrations within this time frame due to fewer anthropogenic impacts in this region (Chapra 
et al. 2012). However, a survey of Bangia atropurpurea distributions across the Great Lakes 
between 1995 and 2002 revealed an increase in Lake Superior conductance, from 60 to 
110µS/cm in 1995 to a range of 110 to 130µS/cm in 2002 (Shea et al. 2014). Even though the 
conductivity levels of Lake Superior are still relatively low (Poghosyan & Sturchio, 2015), the 
positive trend suggests that Lake Superior may become an ideal environment for Bangia 
atropurpurea to invade. This further invasion into more ionized water can be bolstered by the 
bacterial communities of this alga. In both freshwater and marine algae, bacteria play an 
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important role in algal health and survival, so it is feasible that the microbiota of Bangia 
atropurpurea could contribute to its success in occupying new environments. 
 The water quality of the Laurentian Great Lakes has also been affected by nutrient input, 
namely phosphorus, nitrogen, and dissolved organic carbon (DOC) (Mahdiyan et al. 2021). The 
temporal study of water quality in the Great Lakes from 1976 to 2011 showed some important 
trends. Primarily, DOC concentrations increased in Lakes Ontario, Eerie, Huron, and Michigan, 
and is significantly correlated with a steady rise in temperature over the years (Mahdiyan et al. 
2021). Concentrations of phosphorus and nitrogen are steadily declining, due to mandated 
changes in human practices such as the 1972 US-Canada Water Quality Agreement (Dove & 
Chapra 2015). The decline in nutrient concentration is not equal for phosphorus and nitrogen. 
Lake Ontario is experiencing an overall large rate of phosphorus decrease, but there is still a 
slight total nitrogen increase in some areas of this lake (Mahdiyan et al. 2021). Overall, 
maintaining water quality of the Great Lakes has important ecological implications for algal 
growth. 
 Distinct microbial communities have been observed within the water columns of different 
Great Lakes (Paver et al. 2020). Certain bacterial taxa were significantly enriched depending on 
the lake, likely due to the wide variation in abiotic environmental factors (Paver et al. 2020). For 
example, the lower lakes (Ontario and Eerie) had a higher abundance of bacteria from 
Actinobacteria, while the upper lakes (Huron, Michigan, and Superior) were enriched in certain 
Betaproteobacteria and Verrucomicrobia oligotypes (Paver et al. 2020).  There was also a higher 
abundance of a certain actinobacterial oligotype in the warmer, well-lit, and higher nutrient 
waters of Lakes Eerie and Ontario, while not being detected in any of the upper lakes (Paver et 
al. 2020). These findings indicate that depth, light availability, temperature, and nutrient 
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availability highly correlate with the presence of certain bacterial taxa. Since these factors may 
vary seasonally and daily, the microbial composition of the water column is subject to changing 
throughout the day and year. This is an important aspect to consider in future algal microbiome 
and microbiota research as seasonal and daily samples may provide greater insight into the 
resident microbial communities.   
1.2.4.4 - Marine Red Algae Bangia fuscopurpurea and Bangia maxima 
Bangia fuscopurpurea and Bangia maxima are marine red algae belonging to phylum 
Rhodophyta. While B. fuscopurpurea has been observed to occupy many marine habitats from 
temperate to subtropical regions, B. maxima has only been confirmed to grow on littoral boulders 
in Bolinas Bay, California (Gardner, 1927; Lynch et al., 2008). The samples collected by Lynch 
et al. (2008) showed that within this bay in California, B. fuscopurpurea is growing a few meters 
away from the B. maxima site. Despite phylogenetic and geographical similarities, B. maxima 
has some distinct morphological features such as large multiseriate filaments that form hollow 
tubes, which differ from the smaller filaments of B. fuscopurpurea (Lynch et al. 2008). 
Phylogenetic analysis supported by rbcL gene and nSSU rRNA gene sequencing revealed that 
Bangia maxima and Bangia fuscopurpurea collected from the same sample site are extremely 
closely related and fall within one clade (Lynch et al. 2008). Due to phylogenetic closeness of 
these two algae based on rbcL sequences and their geographic closeness, it is postulated that B. 
maxima evolved from an eastern Pacific population of B. fuscopurpurea (Lynch et al. 2008). In 
addition, the geographical dispersal of B. fuscopurpurea across four distinct clades indicates that 
there is likely multiple cryptic species within this taxa and could be distinguished with further 
phylogenetic analysis (Müller et al. 2003; Lynch et al. 2008).  
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The microbiota of Bangia fuscopurpurea and Bangia maxima have not yet been 
examined. However, closely related marine alga Porphyra umbilicalis (Rhodophyta) has had its 
bacterial community characterized which may provide some insight into the microbiota of 
marine Bangia. Originally, Bangia and Porphyra were paraphyletic genera, but with the advent 
of molecular techniques, it was possible to clarify this phylogeny (Sutherland et al. 2011). Using 
the nSSU rRNA gene and plastid rbcL gene, the systematics of the Bangiales order was refined 
to resolve the non-monophyly of the Bangia and Porphyra genera, but with a particular emphasis 
on the foliose genera (Sutherland et al. 2011).  Marine Bangia and Porphyra both inhabit the 
intertidal zone and experience high  levels of oxidative, radiation, and desiccation during low 
tide, which may result in similar cellular adaptations to these stressors (Brawley et al. 2017). The 
surface of B. fuscopurpurea mainly contains galactans consisting of DL-galactose, 3,6-anhydro-
L-galactose and 6-O-methyl-D-galactose (Wu & Ho 1959). The polysaccharide most common in 
Porphyra is porphyran, which is sulfated and mainly consists of 3-linked α-L-galactosyl and 4-
linked β-D-galactosyl residues (Morrice et al. 1984). Agar and carrageenan polysaccharides on 
Bangia atropurpurea and Bangia fuscopurpurea are very similar in structure to porphyran (Jiang 
et al. 2019). Although such research has not been conducted on B. fuscopurpurea, similarities in 
polysaccharide structure could yield formation of some similar commensal relationships on the 
surfaces of B. fuscopurpurea and P. umbilicalis. 
The bacterial community associated with Porphyra umbilicalis is well described in the 
literature (Miranda et al. 2013; Kim et al. 2016). In one study, seven phyla were represented in 
the microbiota; Bacteroidetes, Proteobacteria, Actinobacteria, Chloroflexi, Plantomycetes, 
Firmicutes, and Deinococcus-Thermus (Miranda et al. 2013). The most abundant bacteria 
associated with this alga from phyla Bacteroidetes, Proteobacteria, and Planctomycetes are 
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known for their abilities to digest the polysaccharides of the cell wall. Another study further 
examined the diverse range of bacteria from phylum Planctomycetes that are associated with P. 
umbilicalis (Kim et al. 2016). Despite being in smaller proportions within the bacterial 
community, Planctomycetes were able to survive when P. umbilicalis blades were treated with 
antibiotics in the lab which indicates potential antibiotic-resistance genes and possibly a robust 
association with the alga (Kim et al. 2016). Initial 16S rRNA gene sequencing resulted in the 
differentiation of three unique Operational Taxonomic Units (OTUs) on the genus level: 
Rhodopirellula and two unknown genera. A further whole-genome sequencing allowed for 
metagenomic analysis of these taxa which revealed specific gene products. Overall, several 
sequences were found within these bacteria that contain sulfatase domains or  polysaccharide-
degrading properties (Kim et al. 2016). Additionally, the authors searched for selenoprotein 
sequences, which have been observed to arise during stressful conditions. Two of the 
Planctomycetes OTUs contained all of the genes required to create selenoproteins, which may 
indicate an adaptive benefit when in a highly oxidative environment (Kim et al. 2016). The 
presence of such planctomycetal species with these functional genes in Porphyra umbilicalis 
provides some indication that there is a potential symbiotic relationship between alga and 
bacteria.  
1.3 –Phylogenetic Analyses of Bacterial Communities Using the 16S rRNA 
Gene 
 Since the discovery of the universally conserved 16S rRNA gene that codes for a portion 
of the small subunit ribosomal RNA (SSU rRNA), it has been used as a marker for taxonomic 
classification of all Bacteria and Archaea (Woese & Fox 1977). Prior to the advent of nucleotide 
sequencing, morphological characteristics were used to classify bacterial species. Sequencing of 
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the 16S rRNA gene simplifies taxonomic classification and provides insight into bacterial 
evolution (Woese 1987).  
1.3.1 –Classification of Bacteria with 16S rRNA Hyper-variable Regions 
The 16S rRNA gene sequence encodes a portion of the SSU rRNA and contains hyper-
variable and highly conserved regions, which makes it possible to develop primers for PCR 
amplification and use these fragments to generate phylogenetic comparisons (Yang et al. 2016). 
Amplifying a large portion of the 16S rRNA gene was initially thought to be the most accurate 
way to get an accurate alignment, but through an experimental process it was determined that 
targeting a shorter piece of the 16S rRNA gene sequence yields better matches (Jenkins et al. 
2012). These shorter variable regions are numbered from V1 to V9, and each region has varying 
degrees of accuracy in representing diversity of a bacterial community when amplified and used 
in sequence alignments (Kim et al. 2011; Yang et al. 2016). One or more of these variable 
regions can be amplified, but experimentally it was found that using three consecutive variable 
regions, V1-V4 or V4-V6, provided the best phylogenetic resolution of a bacterial community 
(Kim et al. 2011; Yang et al. 2016). Using either of these variable sub-regions provides unique 
advantages to conducting a phylogenetic analysis of a microbial community. V1-V4 regions are 
more divergent, as a result it is more sensitive to a highly diverse level of bacterial species that 
are present in smaller quantities (Kim et al. 2011).  Regions V4-V6 were found to be ideal for 
identification of bacteria at the phylum level and discovery of novel phyla (Yang et al. 2016). 
Algal metagenome studies vary in terms of variable regions of the 16S rRNA gene that are 
amplified; some use V1-V3 regions (Zulkifly et al. 2012), others use V5-V7 and V8-V9 
(Miranda et al. 2013). For the purposes of this project, V4 will be used in the current study. 
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Although using this region will not produce the most in-depth resolution of bacterial taxonomy, 
it is satisfactory for this preliminary characterization of the bacterial communities of algae. 
1.3.2 – Construction of Phylogenetic Trees using Amplicon Sequence Variants 
 The amplified sequence of 16S rRNA gene is used to conduct taxonomic profiling and 
construction phylogenetic tree. In the past, this was done by grouping similar sequences that had 
a certain threshold of dissimilarity into Operational Taxonomic Units (OTUs), which represent a 
taxonomic level (i.e species). There are many glaring issues with this system, like the reliance on 
a thorough reference database to construct the OTUs (Callahan et al. 2017). OTUs are clusters of 
sequence reads that are grouped based on the percent of nucleotides that the sequences have in 
common, where the similarity threshold for an OTU is chosen somewhat arbitrarily. Amplicon 
sequence variants (ASVs), on the other hand, rely on single nucleotide differences which will 
show individual un-grouped sequences that are not yet in the reference database thus displaying 
the entire diversity of a microbial community (Callahan et al. 2017). ASVs are also more easily 
reproducible and data sets of the same genetic locus can be combined, and result in accurate 
phylogenetic trees (Callahan et al. 2017). In an analysis of a microbial community, it is 
important to give equal representation of each isolate regardless of abundance. This will prevent 
rare species from being lost in the community data. Using ASVs in the construction of 
phylogenetic trees will show the full breadth of the bacterial community within each sample. 
1.4 – Objectives 
 The primary focus of this study is to characterize the bacterial communities of Bangia 
atropurpurea to gain more information about the factors affecting algal function. Algal 
microbiota are poorly represented, especially red freshwater algae such as B. atropurpurea. This 
research will help supplement future studies on the effects of microorganisms on algal function.  
26 
 
The first goal is to use 16S rRNA gene analyses to classify the bacteria in the microbiota 
associated with various samples of freshwater and marine algae, including Cladophora 
glomerata, Bangia fuscopurpurea and Bangia maxima. Phylogenetic trees were created to 
closely examine the taxonomies of bacterial ASVs from certain phyla. These analyses will allow 
for the characterization of potential core microbiota of each algal sample. In the scope of this 
study, a core microbiota or bacterial community refers to the bacteria that are likely consistently 
associated with the algal host. This is the first time that the microbiota of B. atropurpurea and B. 
fuscopurpurea have been characterized to any extent.  
The second objective is to compare algal microbiota across time, species, and 
environment. Bangia atropurpurea is the central focus of these comparisons to define its 
microbial communities in the scope of other algae based on similarities in taxonomy or habitat 
locale. The comparisons of the algal microbiota were done by finding overlap in bacteria and 
unique genera between pairs of algal samples. Temporal differences in the bacterial microbiota 
of B. atropurpurea were examined by comparing two microbial communities from this alga 
collected 14 years apart. Alga-specific associations of the microbiota were investigated using 
data from B. atropurpurea and C. glomerata. A bacterial species that is unique to an algal taxon 
could indicate a co-evolutionary relationship or symbiotic association that potentially affects the 
function of the alga. Finally, bacterial assemblages specific to the environment of the alga were 
explored by comparing B. atropurpurea and B. fuscopurpurea. Examining the differences and 
similarities in broad microbial community composition and specific bacterial taxa will shed more 
light on how bacteria assemble based on species and location, as well as what significant changes 




Chapter 2: Materials and Methods 
2.1 – Algal Samples 
Fresh algal filaments were not collected at a field site due to COVID-19 restrictions. 
Frozen samples were selected from the -80°C long-term storage freezer of the Müller lab in 
University of Waterloo, Ontario. The five samples were chosen to cover a range of taxa, sample 
time and locality, as shown in table 1. 
Table 1 Summary of algal samples chosen from the Müller lab archival freezer. Factors for 
sample choice were taxonomy, seasonality, and locality. Samples range from freshwater to 
marine environments and cover red and green algae. Most samples were sourced in summer 
months, except for the marine Bangia fuscopurpurea.  
Taxa Sample 
Code 
Location of Sampling Date of Sampling 
Bangia maxima BAN-
MAX 
Marin Country, California 
(Pacific Ocean) 
June 6th, 2004 
Bangia atropurpurea BLO-02 Burlington, Ontario 
(Lake Ontario) 
August 29th, 2002 
Bangia atropurpurea BLO-16 Burlington, Ontario 
(Lake Ontario) 





June 2nd, 2005 
Bangia fuscopurpurea NF-F Ferryland, Newfoundland 
(Atlantic Ocean) 
November 22nd, 1998 
 
All samples were in the form of algal filaments, except for Bangia maxima which was a 
frozen DNA extraction from this alga. Each sample contained several filaments collected from 
one site at the location indicated in Table 1. Algal sampling followed protocols outlined in 
previous publications (Lynch et al, 2008; Müller et al, 1998). This included the manual cleaning 
of filaments under a microscope to remove other macroalgal species. The samples were rinsed 
with sterile lake water, and then stored in the long-term freezer until DNA extraction. 
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2.2 - DNA Extraction and Sequencing 
DNA was extracted using the Qiagen DNeasy Plant Mini Kit, from which the protocol 
was followed with no modifications. Filaments from each algal sample were further frozen with 
liquid nitrogen to allow for pulverization into a fine powder with a mortar and pestle. Samples 
were placed in respective test tubes and further lysed with TissueRuptor and TissueLyser from 
the DNeasy kit. DNA was progressively extracted through a series of centrifugations at room 
temperature and short incubations at 65°C. The only exception to these extraction steps was 
Bangia maxima, for which the extraction process followed a phenol-chloroform protocol (Lynch 
et al. 2008). This method of DNA extraction does not seem to result in significantly different 
quantities or qualities of bacterial genomic material compared to other commercially available 
kits (Janabi et al., 2016). Extracted DNA was tested for quality and quantity using a Nanodrop. 
Entire sample DNA was extracted, including the genetic material of the alga itself and any 
microbial species present on the outside or within the filament. Of each DNA extraction, a 20µL 
sample was sent to Metagenom Bio Inc. (Waterloo, Ontario, Canada) for isolation of the V4 
region of the 16S rRNA gene using PCR. Amplicon sequences were generated using the Illumina 
MiSeq technology with primers 515F (5’ GTGYCAGCMGCCGCGGTAA 3)’ (Parada et al. 
2016) and 806R (5’ GGACTACNVGGGTWTCTAAT 3’) (Apprill et al. 2015). In the present 
study, using only the V4 region was more cost-effective based on primer availability and was 
sufficient for the objectives of this experiment. 
2.3 - Data Analysis  
Paired-end amplicon sequences were provided by Metagenom Bio Inc. in raw fastq files, 
as well as the table summaries of taxonomy and amplicon sequence variants. To ensure quality 
of data, the raw sequences were denoised, truncated, and filtered manually in Quantitative 
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Insights into Microbial Ecology (QIIME2) (Bolyen et al. 2019). Once 16S rRNA data was 
processed, it was uploaded into R (R Core 2020) for further analysis. After this analysis, 
sequences from compelling phyla or classes were isolated to incorporate in a taxonomic tree in 
Molecular Evolutionary Genetics Analysis across computing platforms, version 10 (MEGAX) 
(Kumar et al. 2018). 
2.3.1 - QIIME2 Workflow 
Paired-end amplicon sequences were uploaded into QIIME2. The sequences were first 
demultiplexed and then primers were trimmed using the DADA2 plugin. With the same plugin, 
sequences were further filtered, denoised, merged, and chimeras were removed. The remaining 
sequences were sorted into individual ASVs with unique identifiers. Taxonomic classification of 
the ASVs was completed using a pre-existing model that was trained on the Silva 138 99% 
OTUs from the V4 region of the 16S rRNA gene (Bokulich et al. 2018). The full resulting 
taxonomies, from phylum to species, were transferred and further analysed in Microsoft Excel to 
ensure that all ASVs were properly classified. Within the genera and family taxonomies, those 
that were labelled as “uncultured” or had no corresponding taxonomy based on the SILVA 
database were individually classified with the NCBI BLAST database, specifically using the 
BLASTn algorithm (Altschul et al. 1997). Any other errors or misclassification were fixed at this 
time as well.  
2.3.2 - R Workflow 
After finalizing sequence classification in Microsoft Excel, the database containing the 
taxa and taxon counts for each sample was transferred to R. There were three analyses completed 




First, Venn diagrams were generated to display similarities and differences of unique 
genera across the five samples (Hanbo 2018). The samples were divided into a few categories. 
First the distribution of bacterial genera were compared between marine red algae (Bangia 
fuscopurpurea and Bangia maxima), freshwater red algae (Bangia atropurpurea 2002 and 2016), 
and freshwater green algae (Cladophora glomerata). Bacterial members found in both 
microbiota of the Bangia atropurpurea samples from 2002 and 2016 were examined to test for 
change in diversity or community composition over time. These bacteria were also characterized 
in an effort to elucidate a core microbiota of this alga. The Bangia atropurpurea sample from 
2002 was also compared to the Bangia fuscopurpurea sample from 1998 to examine differences 
in bacterial compositions across aquatic habitats. Finally, the 2002 Bangia atropurpurea 
microbiota was examined in relation to the 2005 Cladophora glomerata microbial community to 
compare microbes in different algal species inhabiting the same location. The 2002 Bangia 
atropurpurea sample was used for many of these analyses as it was collected at a nearer time to 
the algal specimens it was compared to (see table 1 for exact date of sampling). For each of these 
groups, taxon counts from the database were sorted to determine which bacteria were present in 
both or just one of the samples in question. These values were used to construct Venn diagrams 
with the aid of the VennDiagram package in R and colourblind-friendly colours were chosen 
with the RColorBrewer package (Hanbo 2018). The corresponding bacterial taxa for each 
pairwise comparison and for the three-category comparison were exported into Microsoft Excel 
to create supplementary table 4 (Microsoft 2021).  
Next, abundance plots were generated to display the relative abundances of the genera 
and the phyla using ggplot2 (Hadley 2016). Relative abundance of each ASV was determined 
manually and data was reorganized with functions from the Tidyr package and plotted using the 
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ggplot2 package (Hadley 2016). Several abundance plots were created: relative abundances of all 
phyla, relative abundances of all genera, and relative abundances of genera from phyla 
Proteobacteria, Bacteroidetes, Cyanobacteria, and Plancyomycetes. 
Lastly data were rarefied and alpha diversity was determined, in order to visualize the 
diversity within and among the samples (Cameron et al. 2020). The rarefaction process was 
accomplished with the phyloseq and mirlyn packages (McMurdie & Holmes 2013; Cameron et 
al. 2020). The B. maxima sample was removed from this data due to extremely low quantities of 
unique bacterial taxa which would have skewed the rarefaction and alpha diversity results. Data 
was rarefied with a replication of 1000 and no replacement of subsampling. Alpha diversity 
values were generated from this rarefied database using the Shannon diversity index.   
2.3.3 - MEGAX Workflow  
ASVs from phylum Cyanobacteria, PVC superphylum, and phylum Bacteroidetes were 
further examined in a phylogenetic tree using MEGAX (Kumar et al. 2018). The closest matches 
of 16S rRNA sequences from the NCBI BLAST database were added to the alignment for each 
ASV. The sequences for each tree were aligned with ClustalW. Evolutionary history in the 
phylogenetic trees was inferred using the maximum likelihood method with a bootstrap value of 
1000 and the 16S rRNA V4 region sequence from Escherichia coli was the outgroup for each 
tree. The best model for each tree was selected based on the lowest Bayesian Information 
Criterion (BIC) score. The best model for determining evolutionary history of the Cyanobacteria 
and the PVC trees was the Kimura 2-parameter model, with a discrete Gamma distribution to 
model evolutionary rate differences. The best model for determining evolutionary history of the 
Bacteroidetes tree was the General Time Reversible model, with a discrete Gamma distribution 
to model evolutionary rate differences (Kimura 1980; Kumar et al. 2018).   
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Chapter 3: Results 
3.1 - DNA Extraction and Sequence Reads Quality 
Quality and concentration of DNA was tested using a nanodrop spectrophotometer, for 
which the values are shown in table 2. Bangia maxima (BAN-MAX) and Bangia fuscopurpurea 
(NF-F), both of which are marine samples, had the highest concentration of genetic material. The 
three freshwater samples, Bangia atropurpurea (BLO-16 and BLO-02) and Cladophora 
glomerata (CLAD-ON), had the lowest amounts of DNA. The A260/280 ratios indicate purity of 
the sample, with a ratio of around 1.8 suggests a pure DNA sample and deviations from this ratio 
could be caused by changes in the pH of the solution (Thermo Scientific 2012). Although a 
discrete cut-off has not been established, generally a ratio of 1.8±0.2 at this absorbance indicates 
an acceptable level of DNA purity (Lucena-Aguilar et al. 2016). The BLO-02, BLO-16, and 
CLAD-ON samples contained less pure DNA extractions based on their A260/280 readings.  
Table 2 Nanodrop values and DNA concentration for the extracted DNA of each sample. 
Concentration of DNA indicates quantity of DNA present which was taken from absorbance 
readings at 260/280 nm.  
Initial read counts, shown in table 3, ranged from 4829 to 23,914 forward sequences with 
a mean of 12,730 and a total of 63,651 forward reads. There were an equal number of reverse 
reads for each sample. Denoising and trimming primers with DADA2 resulted in a mean 
sequence length of 253 base pairs (bp). Less than 2% of sequences had a length of 252 bp or 254 
bp. DADA2 statistics also show percent of reads that passed through filtration, denoising, 
Alga Sample Concentration of DNA (ng/µL) A260/280 
Bangia maxima BAN-MAX 51.6 1.78 
Bangia atropurpurea BLO-02 8.8 2.13 
Bangia atropurpurea BLO-16 8.5 2.08 
Cladophora glomerata CLAD-ON 13.5 1.53 
Bangia fuscopurpurea NF-F 32.3 1.82 
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merging and removal of chimeras (Mohsen et al. 2019). Bangia atropurpurea from Lake Ontario 
in 2002 and 2016 (BLO-02 and BLO-16) had the highest percent of reads after filtration (95.18% 
and 96.85%, respectively). Cladophora glomerata (CLAD-ON) contained slightly more 
chimeras and other repeated sequences that were subsequently filtered out or merged.  
Demultiplexed and filtered sequence reads produced a total 294 amplicon sequence 
variants and after further narrowing down to the genus level, 152 unique ASVs remained. 
Demultiplexing reads allows categorization and assignment of raw sequence data to their 
respective samples of origin. Additionally, sequence reads are filtered to remove low-quality 
sequences. Despite the Bangia maxima (BAN-MAX) sample having a large number of reads, 
these corresponded to only three unique ASVs in two bacterial phyla (table 3), whereas the other 
algal samples had a larger diversity of bacterial taxa. The Bangia atropurpurea samples had a 
similar number of bacterial phyla, but B. atropurpurea 2016 (BLO-16) had a markedly lower 
genus diversity compared to the 2002 sample (table 3). Of the 152 ASVs that were classified 
within QIIME2 using a classifier trained with the SILVA database, 22 ASVs did not have a close 
taxonomic match within this classifier (Bokulich et al. 2018). These missing ASVs were 
classified manually using the NCBI database, specifically the MegaBLAST algorithm within the 
BLASTn database (Altschul et al. 1990; Morgulis et al. 2008). This successfully established a 
sufficiently close taxonomic match at the genus level with an E-value of <1e-50, indicating a 
high-quality match but does not confirm exact taxonomy (Altschul et al. 1990). Some taxonomic 
classifications that were completed with the SILVA database were incorrect and were corrected 
using the NCBI database. For example, 15 sequences of order Burkholderiales were incorrectly 
classified as class Gammaproteobacteria rather than Betaproteobacteria. The correct taxonomic 
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names were confirmed with the List of Prokaryotic names with Standing in Nomenclature 
(LPSN) database (Parte et al. 2020). 
Table 3 Sequence counts for forward and backward reads for each sample after demultiplexing 
in QIIME2. Filtration through DADA2 includes denoising, merging and removing chimeric 
reads. Percent of initial reads indicates the number of reads left after all filtration is complete. 


















23914 22274 93.14 2 3 
BLO-02 16925 16109 95.18 8 62 
BLO-16 6327 6128 96.85 7 26 
CLAD-
ON 
4829 4317 89.4 11 68 
NF-F 11656 10794 92.6 8 46 
3.2 - Distribution of Bacterial Taxa Across Algal Microbiota 
This study aims to examine the microbiota of Bangia atropurpurea in several 
perspectives, and to characterize the bacterial community of this alga for the first time. This 
involves various analyses to compare the microbiota of other freshwater and marine algae, 
including Bangia maxima, Bangia fuscopurpurea, and Cladophora glomerata. First, a sample-
wide comparison of the microbiota was conducted between the three broad categories of 
samples: freshwater red algae, marine red algae, and the freshwater green alga. Next, 
comparisons were made between pairs of algal samples, with B. atropurpurea as the focus of 
each analysis. All pairwise analyses involves the 2002 sample of B. atropurpurea due to the 
higher diversity and similar sample collection dates. The temporal analysis aimed to examine the 
differences in the B. atropurpurea microbiota from 2002 to 2016. The alga-specificity analysis 
was done with the 2002 B. atropurpurea sample and the C. glomerata sample. Finally, 
environment-specificity of the microbiota was analysed with B. atropurpurea from 2002 and B. 
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fuscopurpurea. Based on an alpha diversity analysis (Figure 1), microbiota from Cladophora 
glomerata and Bangia fuscopurpurea had the highest diversity. The bacterial communities of 
both B. atropurpurea samples had lower diversities. Bangia maxima was omitted from the 
pairwise analyses due to low number of ASVs but was included in the 3-category analysis 
(Figure 2). These investigations into the bacterial communities of algae aim to provide a fuller 
understanding of the Bangia atropurpurea microbiota in three different scopes.  
 
Figure 1 Alpha diversity of microbial genera from 2002 and 2016 samples of Bangia 
atropurpurea, Cladophora glomerata, and Bangia fuscopurpurea. Diversity analysis was 
constructed with the Shannon index using the mirlyn package (Cameron et al. 2020) in R. BLO 
02: Bangia atropurpurea (2002), BLO 16: Bangia atropurpurea (2016), CLAD ON: Cladophora 
glomerata, NF F: Bangia fuscopurpurea.  
3.2.1 - Bacterial Phyla in Freshwater Red, Freshwater Green, and Marine Red Algae  
The unique bacterial genera as well as the overlap in genera of across three categories of 
algae are shown in figure 2A. The categories of this Venn diagram are freshwater Rhodophyta 
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(Bangia atropurpurea 2002 and 2016), marine Rhodophyta (Bangia fuscopurpurea and Bangia 
maxima), and freshwater Chlorophyta (Cladophora glomerata). Figure 2B illustrates the 
distribution of bacterial genera across phyla and groups of algae. Only two unique bacterial 
genera were observed across all groups of algae; Lewinella and Gemmobacter of phyla 
Bacteroidetes and Proteobacteria, respectively. These two phyla were also the most abundant and 
well distributed amongst all samples, except for B. maxima. Genera from phyla Proteobacteria, 
Bacteroidetes, Firmicutes, Actinobacteria, and Verrucomicrobia were observed in all three 
groups of algae. The groups of algae that do not occupy the same environments have very little 
overlap in bacterial community members. The marine and freshwater red algae were observed to 
have 2 bacterial genera in common, both from Bacteroidetes. B. fuscopurpurea and C. glomerata 
had an overlap of 6 genera, from Proteobacteria and Bacteroidetes. Cyanobacteria were primarily 
found in the freshwater red algae, with one cyanobacterial isolate in B. fuscopurpurea and none 
in C. glomerata. Bacteria from phylum Planctomycetes were observed in C. glomerata and B. 
fuscopurpurea, but not in the freshwater Bangia samples. Phyla Acidobacteria and Deinococcus-
Thermus were only observed in the freshwater samples. These broad trends in bacterial 
community compositions indicate the compositions of the putative core microbiota, or overlap in 
bacterial species, within each group of samples, and bacteria that are unique to each category. 
However, there also appears to be some overlap in bacterial genera between samples and across 















Figure 2 Distribution of bacterial phyla across three categories of algae. A) Three category Venn 
diagram illustrating the number of genera that are unique to or overlap between marine red algae, 
freshwater red algae, and the freshwater green alga. B) Bar plot of the number of genera 





































3.2.2 - Bacterial Phyla Represented in the Microbiota of Bangia atropurpurea from 2002 
and 2016  
Comparing the microbiota of Bangia atropurpurea from 2002 and 2016 appears to 
indicate a loss of bacterial diversity across the two samples. For example, there is an overlap of 
fourteen bacterial genera (figure 3A) between the two samples but overall, the 2016 B. 
atropurpurea sample has a much smaller group of unique bacterial genera.  In fact, the sample 
from 2016 has 12 unique genera compared to 48 unique genera from the 2002 sample, which is 
also depicted in the alpha diversity analysis (figure 1). In comparing the composition of phyla 
and abundances of genera from each phylum between the two B. atropurpurea samples (figure 
3B), there are some key similarities and differences. Bacterial genera from phyla Proteobacteria, 
Bacteroidetes, Cyanobacteria, Deinococcocus-Thermus, and Verrucomicrobiota, are present in 
both samples. However, the 2002 sample has more unique genera from Proteobacteria, 
Bacteroidetes, and Cyanobacteria than the 2016 sample. Interestingly, the composition of phyla 
within the microbiota also appears to have changed between the fourteen years of sampling. For 
example, the sample from 2002 contains genera from three phyla that are not present in 2016: 
Actinobacteria, Acidobacteria, and Firmicutes. Additionally, phylum Gemmatimonadota is 
represented only in the 2016 B. atropurpurea microbiota. Although there are some broad 
similarities in the bacterial microbiota of the two Bangia atropurpurea samples, there are also 






Figure 3 Distribution of bacterial genera between Bangia atropurpurea 2002 and Bangia 
atropurpurea 2016. A) Pairwise Venn diagram illustrating the number of unique bacterial genera 
for each alga sample and the number of bacterial genera that are found in both samples. B) Bar 
plot illustrating the distribution of bacterial genera per phylum across both samples. This 





























3.2.3 - Bacterial Phyla Represented in the Microbiota of Bangia atropurpurea and 
Cladophora glomerata 
To investigate potential species-specific bacterial community members, the microbiota of 
Bangia atropurpurea from 2002 and Cladophora glomerata were compared. As observed in the 
other algal samples, each of these freshwater algae have large distinct core microbiota. The 
overlap in bacteria between these two Bangia and Cladophora is 25 bacterial genera (figure 4A), 
which is the largest overlap in bacterial community composition in relation to the other 
microbiota comparisons. Despite being distantly related algal species, C. glomerata and B. 
atropurpurea inhabit similar environments in the Laurentian Great Lakes, attached to rocks or 
hard surfaces in the littoral zone (Lin & Blum 1977; Higgins et al. 2008). Most of this similarity 
in bacterial community is attributed to overlap of bacteria from phylum Proteobacteria, from 
which there are 20 identical genera. There is also an overlap in bacterial genera from 
Bacteroidetes, Deinococcocus-Thermus, and Verrucomicrobiota. The microbiota of C. glomerata 
has bacteria from three phyla that B. atropurpurea does not: Planctomycetes, Abditibacteria, and 
Gemmatimonadetes. Cyanobacterial sequences were isolated from B. atropurpurea but not from 
C. glomerata. There are many similarities in bacterial community composition at the phylum 
level between B. atropurpurea and C. glomerata which could be potentially attributed in part to 
the occupancy of similar habitats. There are also many genera that seem to occupy the 






Figure 4 Distribution of bacterial genera between Bangia atropurpurea 2002 and Cladophora 
glomerata. A) Venn diagram illustrating the number of unique bacterial genera for each alga 
sample and the number of bacterial genera that are found in both samples. B) Bar plot illustrating 
the distribution of bacterial genera per phylum across both samples. This includes genera that are 


























3.2.4 - Bacterial Phyla Represented in the Microbiota of Bangia atropurpurea and Bangia 
fuscopurpurea 
To investigate the effect of geolocation and potential environmental factors on 
composition of microbial communities, the microbiota of Bangia atropurpurea and Bangia 
fuscopurpurea were compared. Freshwater red alga B. atropurpurea and marine red alga B. 
fuscopurpurea are evolutionarily closely related but occupy differing aquatic habitats. The 
microbial community compositions of B. atropurpurea and B. fuscopurpurea appear to have the 
least in common compared to the other pairwise analyses, with only 3 identical bacterial genera, 
illustrated in figure 5A. Figure 5B shows that these common genera span Proteobacteria and 
Bacteriodetes, the most abundant phyla. While the observed overlap in microbial composition 
between these two algae is very small, their unique bacterial communities are large. Both algae 
have bacteria from phyla Cyanobacteria, Actinobacteria, Firmicutes. Verrucomicrobiota. 
Deinococcus-Thermus and Acidobacteria are unique to B. atropurpurea, while Planctomycetes 
and Tenericutes are phyla observed only in the microbiota of B. fuscopurpurea, albeit in very 
low abundances. These vast differences in the bacterial communities at the phylum level between 























Figure 5 Distribution of bacterial genera between Bangia atropurpurea 2002 and Bangia 
fuscopurpurea. A) Venn diagram illustrating the number of unique bacterial genera for each alga 
sample and the number of bacterial genera that are found in both samples. B) Bar plot illustrating 
the distribution of bacterial genera per phylum across both samples. This includes the genera that 



























3.3 - Relative Abundances and Distributions of Bacterial Genera Within Phyla 
Across the algal samples, there were certain genera that were more abundant in relation 
to others. This distribution and composition are illustrated in the relative abundance bar plots. 
The relative abundances of all phyla across all 5 algal samples are illustrated in figure 6A. 
Figures 6B and C show the relative abundance of the genera from the two most abundant and 
prevalent phyla, Proteobacteria and Bacteroidetes. There are several genera that are more 
abundant within certain algae, which may be indicative of larger trends. Microbes within other 
phyla may also be biologically important despite their considerably lower abundance in these 
algal samples. See table 4 in Supplementary Information for a more detailed breakdown of 
relative abundances of genera across each phylum.  
3.3.1 - Genera within Phylum Proteobacteria 
Proteobacteria was the most abundant phylum based on number of sequence reads, and 
the most diverse with 68 ASVs corresponding to unique bacterial genera across all algal samples 
(figure 6B). The overabundance of proteobacterial sequence reads may be skewed due to a few 
prevalent bacterial genera in the algal microbiota. In Bangia fuscopurpurea, genus 
Granulosicoccus (Gammaproteobacteria) is most abundant with 4735 reads assigned to this 
taxonomy. Duganella (Betaproteobacteria) stands out as most common in C. glomerata with 
2075 reads. Figure 6B provides a thorough visualization of the relative abundances of 
proteobacterial genera across all algal samples. 
There were interesting patterns in the distributions of bacteria across three proteobacterial 
classes; Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria. Within class 
Alphaproteobacteria, the 2016 sample of Bangia atropurpurea had one unique bacterial taxon, 
genus Aquidulcibacter, and seven taxa that were also sequenced in the 2002 sample. 
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Gammaproteobacteria is the least represented class in the 2016 B. atropurpurea sample, with 
only one ASV from genus Aeromonas. The 2 proteobacterial ASVs from Bangia maxima both 
belonged to class Gammaproteobacteria. An ASV classified as genus Psychrobacter was also 
sequenced in the C. glomerata sample, and the ASV assigned to genus Cobetia was unique to B. 
maxima. In the 2002 B. atropurpurea sample there are a few microbes that were at an abundance 
of greater than 100 reads, such as 318 reads assigned to genus Pseudomonas 
(Gammaproteobacteria) in the 2002 sample of B. atropurpurea. There were also 242 reads 
assigned to Pseudonomas in the microbial community of C. glomerata, but no Pseudomonas 
detected in the 2016 B. atropurpurea. Genera Sphingorhabdus, Porphyrobacter, Paucibacter, 
and Gemmobacter were detected in all algae from Lake Ontario (B. atropurpurea 2002 & 2016, 
and C. glomerata). Within class Betaproteobacteria, the 2016 B. atropurpurea sample had more 
bacterial taxa and a greater diversity than the 2002 sample. B. fuscopurpurea also had a large 
abundance and diversity of reads from class Alphaproteobacteria, and presence of 2 genera from 
class Oligoflexia that were not present in any other algal samples. Phylum Proteobacteria 
contains a diverse group of bacteria with many metabolic functions in aquatic habitats (Nold & 
Zwart 1998). The distribution of bacterial classes and genera from this phylum may be indicative 
of species-specific symbioses and interactions. 
3.3.2 - Genera within Phylum Bacteroidetes 
Phylum Bacteroidetes was the second most abundant group, with 28 unique bacterial 
genera shown in figure 6C. Sequence reads of certain bacterial genera were overabundant in this 
phylum, most notably an ASV classified as genus Jiulongibacter with 3340 reads in the 2002 
sample of B. atropurpurea and an ASV with 1039 reads classified as genus Lewinella in B. 
fuscopurpurea. Both genera were also present in all the other algal microbiota at significantly 
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lower quantities and were absent from B. maxima. B. fuscopurpurea had the most unique genera 
from Bacteroidetes, as shown in figure 6C. There were 6 orders from this phylum represented 
across all samples: Flavobacteriales, Marinilabiales, Sphingobacteriales, Cytophagales, 
Chitinophagales, and Saprospirales (Figure 9). A more detailed summary of the distribution of 
bacterial genera within these orders can be found in section 3.4.3. 
3.3.4 - Genera within other Phyla 
There were many phyla that were at lower abundances with less reads and bacterial 
genera, which can be found in table 4 in Supplemental Information.  Bacteria from 
Cyanobacteria were primarily found in the two B. atropurpurea samples, and one cyanobacterial 
isolate was sequenced in B. fuscopurpurea. The 2002 sample of B. atropurpurea had 8 unique 
genera from this phylum, and the 2016 sample had 3 genera which are described in detail in 
section 3.4.1. Planctomycetes reads were isolated only from the microbiota of C. glomerata and 
B. fuscopurpurea, of which 2 genera associated with the green alga and 1 genus in the marine red 
alga. Phylum Verrucomicrobiota had 5 representative genera, 3 of which were only in B. 
fuscopurpurea. Genus Luteolibacter from this phylum was only in the algal samples from Lake 
Ontario, although another ASV sequenced from Bangia fuscopurpurea was clustered closely 
with this genus in the phylogenetic tree (figure 8). Actinobacteria were present in low 
abundances within the microbiota of the Lake Ontario algae, but higher quantities of reads from 
this phylum were in B. fuscopurpurea, such as ASV assigned to genera Illumatobacter and 
Acidimicrobium. From phylum Firmicutes, 5 genera were unique to C. glomerata, 2 phyla were 
unique to B. fuscopurpurea, and one genus from this phylum was in the 2002 sample of B. 
atropurpurea. Genus Deinococcus from phylum Deinococcus-Thermus was also distributed 
among all Lake Ontario algae. The phyla at the lowest abundances were Abditibacteria, 
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Acidobacteria, Tenericutes, and Gemmatimonadota, with 1 to 3 genera at a read count of less 
than 10 in each phylum. There was a high diversity of phyla from most of the algal samples. The 















Figure 6 Relative abundance barplots of bacterial taxa present in each sample. Relative 
abundances of bacteria are shown from A) phyla, B) genera within phylum Proteobacteria, C) 
genera within phylum Bacteroidetes. Ban_Max: Bangia maxima, BLO_02: Bangia atropurpurea 
(2002), BLO_16: Bangia atropurpurea (2016), Clad: Cladophora glomerata, and NF_F: Bangia 
fuscopurpurea.  
3.4 - Phylogenetic Tree Analysis 
The trees were constructed with all unique ASVs at the species level. As a result, there 
may be more ASVs within the trees than what is shown in the Venn diagrams and relative 
abundance plots (figures 2-6). For example, there are 60 unique ASVs in the Bacteroidetes 
phylogenetic tree at the species level, but 28 sequences assigned to genera within Bacteroidetes. 
Any duplicate sequences were removed from the tree analysis to avoid redundancy.  
3.4.1 - Cyanobacteria  
There were 16 ASVs assigned to phylum Cyanobacteria, which are shown in the 
phylogenetic tree (figure 7). The only cyanobacterial sequence found in Bangia fuscopurpurea 
was ASV16 and it did not closely align with any sequences from the NCBI database, but was 




found only in the 2016 sample of Bangia atropurpurea was closely clustered with Tapinothrix 
clintonii. Two ASVs were observed in both B. atropurpurea samples; ASV11 was clustered with 
Trichocoleus desertorum, and the ASV6 had no close match. There were several ASVs with very 
close taxonomic matches, at bootstrap values greater than 90. For example, ASV13 aligned with 
the V4 16S rRNA sequence for Tychonema bourrellyi with a bootstrap value of 91. ASV8 
clustered with Chamaesiphon minutis in 99% of the replicates. These close matches with 
classified Cyanobacteria will allow a better understanding of which cyanobacterial species are 




Figure 7 Phylogeny of sequences classified as phylum Cyanobacteria. Tree was constructed 
using maximum likelihood with bootstrap values, percent out of 1000 replicates, at the node of 
each branch. ASVs are colour coded to show which algal sample the sequence originated from.  
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3.4.2 – PVC Superphylum 
 The PVC superphylum is a monophyletic group consisting of Verrucomicrobia, 
Planctomycetes, and several other phyla (Wagner & Horn 2006). Sequences from 
Verrucomicrobia and Planctomycetes were present in some of the algal microbiota examined in 
this study. Phylogenetic analysis of these sequences will provide a better understanding of the 
verrucomicrobial and planctomycetal bacteria that are associated with freshwater and marine 
algae (figure 8).  
3.4.2.1 - Verrucomicrobia 
 Verrucomicrobial sequences were observed to be lower in abundance but prevalent 
throughout nearly all algal microbiota sampled in this study, as shown in figure 2B. Overall, 
there were 7 unique ASVs at the species level with one ASV (ASV3) present in both B. 
atropurpurea samples and C. glomerata (figure 8). This sequence clustered closely with 
Luteilibacter yoenseiesis and Luteilibacter luojiensis in the phylogenetic tree. The other ASVs 
were primarily isolated from the marine B. fuscopurpurea or freshwater C. glomerata and 
broadly grouped with different genera in the phylogenetic tree. For instance, ASV5 grouped with 
genus Prosthetibacter and ASV1 had close alignments to sequences from genus Rubritalea. 
Although bacteria from phylum Verrucomicrobia are present in lower abundance, they are 
persistently present in some algal samples. 
3.4.2.2 - Planctomycetes  
Planctomycetal sequences were also present in lower abundances, with 3 ASVs isolated 
from Cladophora glomerata (ASV9 & ASV10) and Bangia fuscopurpurea (ASV8). ASV8 
clustered closely with Phycisphaera mikurensis at a bootstrap value of 100 and ASV9 was 
closely clustered with Pirellula stayeli. The sequence of ASV10 closely grouped with 
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Fimbriiglobus ruben at a bootstrap value of 90 and was also clustered with Zavarzinella 
formosa. Despite the narrow distribution amongst the algal samples, planctomycetal sequences 
were abundant in B. fuscopurpurea with 231 reads, and more than one planctomycetal ASV was 






















Figure 8 Phylogeny of sequences classified as phyla Verrucomicrobia and Planctomycetes. Tree 
was constructed using maximum likelihood analysis and bootstrap values, in percent out of 1000 
replicates, are indicated at the node of each branch. ASVs are colour coded to show which algal 
sample the sequence originated from. 
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3.4.3 - Bacteroidetes 
The phylogenetic tree of ASVs assigned to phylum Bacteroidetes is shown in Figure 9. 
This tree has a total of 60 sequences at the species level, which were distributed across all algal 
samples. Some ASVs were not assigned to an algal sample due to inconsistencies between the 
SILVA database and the NCBI database. Out of all Bacteroidetes ASVs, 46 were assigned to an 
algal sample; 26 were sequenced from Bangia fuscopurpurea, 12 from Bangia atropurpurea 
(2002), 6 from Bangia atropurpurea (2016), 14 from Cladophora glomerata, and 1 from Bangia 
maxima. Bacterial sequences spanned 6 orders: Flavobacteriales, Marinilabiales, 
Sphingobacteriales, Cytophagales, Chitinophagales, and Saprospirales. Freshwater algae B. 
atropurpurea and C. glomerata had lower abundance of bacteria from order Saprospirales, and 
higher bacterial abundance and diversity from Chitinophagales and Cytophagales. ASVs isolated 
from the marine alga B. fuscopurpurea dominated orders Flavobacteriales and Saprospirales, but 
2 ASVs in Saprospirales (ASV39 and ASV42) were isolated from freshwater algae as well as 
marine. Some genera were more abundant, such as four ASVs (31, 55, 33, and 5) assigned to 
genus Flavobacterium in the freshwater Bangia and Cladophora. There were also multiple 
sequences classified as genus Lewinella, namely ASVs 10, 53, 47, 29, and 43, that were isolated 
from B. fuscopurpurea and C. glomerata. The only Bacteroidetes sequence found in B. maxima 
was also isolated from B. fuscopurpurea (ASV 23), which clustered with genus Dokdonia. 
ASV39 was isolated from all algal samples except for Bangia maxima but did not have a close 
grouping in the tree. The presence of ASV38 in both samples of Bangia atropurpurea and in 
Bangia fuscopurpurea is of interest, but clustered with bacteria from three different genera: 
Jiulongibacter sediminis, Arcticibacterium luteifluviistationis, and Taeseokella kangwonensis. 
There is a high level of diversity and abundance of bacteria from Bacteroidetes in the algal 




                       
 
Figure 9 Phylogeny of sequences classified as phylum Bacteroidetes. Tree was constructed 
using a maximum likelihood analysis and bootstrap values, in percent out of 1000 replicates, are 
indicated at the node of each branch. Sequences are grouped into orders, indicated by the 
coloured bars on the right of the tree. ASVs are colour coded to show which algal sample the 
sequence originated from. 
 
 
3.5 - Taxonomic Nomenclature Discrepancies in the SILVA Database 
There were some errors in the bacterial classifications provided by the SILVA database 
which was used in the QIIME2 workflow. This resulted in discrepancies during the 
characterization of bacterial communities and creation of phylogenetic trees. These errors were 
corrected with the NCBI database which uses various scientific publications to confirm 
nomenclature of organisms (Schoch et al. 2020). There were several sequences throughout the 
samples that were assigned to phyla that are not validly published, as purported by the 
International Code of Nomenclature of Prokaryotes (Parker et al. 2019). In Bangia 
fuscopurpurea, some sequences were classified as belonging to phyla Pastecibacteria, 
Bdellovibrionota, and Myxococcota. These groups were proposed as separate phyla but are not 
yet validly published as such and currently remain as classes within phylum Proteobacteria 
(Parte et al. 2020). Sequences categorized as invalidly published phylum Chloroflexi were 
corrected to phylum Firmicutes (Schoch et al. 2020). Several sequences classified as 
Burkholdariales (Betaproteobacteria) were incorrectly categorized to be within class 
Gammaproteobacteria. There were also a few samples classified as phylum Desulfobacteriota, 
which is also not validly accepted and is officially order Desulfuromonadales within class 
Deltaproteobacteria (Proteobacteria). Finally, SILVA used the name Deinococcota for the 
phylum which is actually called Deinococcocus-Thermus (Schoch et al. 2020). The correct 
nomenclature based on International Code of Nomenclature of Prokaryotes (Parker et al. 2019) 






Chapter 4: Discussion 
Currently there is a lack of literature on the characterization of freshwater red algal 
microbiomes and microbiota, particularly from the Laurentian Great Lakes. In this study, the 
microbiota of freshwater red alga Bangia atropurpurea was examined in the scope of a marine 
red alga, Bangia fuscopurpurea, and a freshwater green alga, Cladophora glomerata. These 
comparisons were made to get a sense of any environment-specific and species-specific bacterial 
assemblages that may occur amongst these algal taxa. To date there have been some studies 
investigating patterns in the assemblage of algal microbiota in relation to environment and 
species (Dittami et al. 2016; Eigemann et al. 2013; Morrissey et al. 2019), but none on 
freshwater red algal microbiota. A temporal study of B. atropurpurea bacterial communities was 
also conducted with two samples of this alga collected in 2002 and 2016. Research on temporal 
changes in algal microbiomes are also limited to green or brown marine algae and are primarily 
short-term studies of a few months to a few years (Braus et al. 2017; Lachnit et al. 2011; Paix et 
al. 2019). In this present study, the bacterial communities of Bangia atropurpurea, Bangia 
fuscopurpurea and Bangia maxima are characterized for the first time. The microbiota of B. 
maxima was extremely small, with only two unique genera, and thus will not be discussed in this 
study. Bangia maxima is observed to grow on boulders and covered by a large amount of sand, 
which may be the reason for such low diversity of bacteria associated with this algal taxon 
(Gardner 1927). The mechanism of DNA extraction for the B. maxima samples likely did not 
have an effect on the lower microbial diversity, as literature suggests that the phenol-chloroform 
method of DNA extraction does not alter the quantity of bacterial sequence reads (Janabi et al. 
2016). Comparisons of algal microbiota provide more insight on how these communities have 




and how the microbiota may impact algal function. However, it is important to note that the 
sample size and sequencing depth of the microbial communities in this study are extremely 
limited. Thus, any suggestions or inferences of bacterial role in the algal microbiome are putative 
and cannot be confirmed without further metagenomic sequencing and more thorough 
investigation. 
4.1 – Temporal Differences in the Microbiota of Bangia atropurpurea Between 
2002 and 2016 
There were several differences in the microbiota of the two Bangia atropurpurea samples 
from 2002 and 2016. The differences in bacterial community compositions can be observed at 
the phylum level and at lower taxonomies such as family or genus level. The most striking 
difference was in the lower diversity of the 2016 sample, which only had twelve unique bacterial 
genera in comparison to forty-eight unique genera in the 2002 sample. Although this could be an 
artefact of low sample size and replicates, DNA extraction errors, or limitations of sequencing 
only the V4 region of the 16S rRNA gene, changes in the water quality of Lake Ontario could 
potentially contribute to some of the observed differences in bacterial diversity. Studies have 
shown that there is a slight positive trend in the acidification and salinification of the Great Lakes 
over the past several years, particularly in Lake Ontario, which may have affected the microbial 
composition of the water column in myriad ways (Mahdiyan et al. 2021; Phillips et al. 2015). 
However, changes in microbial communities of the water column might not be reflected in the 
microbiota of an alga. For example, there was a lack of bacterial sequences from phyla 
Acidobacteria and Actinobacteria in the 2016 Bangia sample, despite having been reported in the 
water column in 2008 (Winters et al. 2014) and 2014 (Paver et al. 2020). In the 2002 sample, the 




growth at pH 4.5-7.9 and prefer freshwater conditions (Pascual et al. 2015). Within phylum 
Actinobacteria, one bacterial isolate in the 2002 Bangia atropurpurea sample was classified to 
be within genus Geodermatophilis, which is known to have high resistance to oxidative stress 
(Hezbri et al. 2016; Montero-Calasanz 2020). The lack of certain phyla, especially those that are 
normally found in lower quantities, could be attributed to poor resolution of the sequencing or 
weak and temporary associations with the alga. Moreover, changes in the microbiota of Bangia 
atropurpurea could occur independently of the microbial community composition of the water 
column.  
Bacteria from other phyla, including Bacteroidetes, Cyanobacteria, Deinococcus-
Thermus, and Proteobacteria, were present in both samples but at a much lower diversity in the 
2016 Bangia atropurpurea sample. The three bacterial genera from Bacteroidetes unique to the 
2016 microbiota were classified as Arcicella (closely clustered with Arcicella aurantiaca), 
Ferruginibacter (closely clustered with Ferruginibacter profundus), and Niastella (no close 
grouping) (figure 9). These are bacterial genera commonly found within freshwater 
environments, generally with optimal pH of 6-8 and ability to grow in salinities less than 1% 
NaCl (Sheu et al. 2010; Jin et al. 2014). Several ASVs isolated from the 2002 sample that were 
classified within order Flavobacteriales (genera Flavobacterium and Chryseobacterium) are 
found in saltwater, freshwater, soils, and plants in warm and cold environments (Akter et al. 
2015; Bernardet & Bowman 2006). Additionally, three ASVs associated with this algal sample 
from order Cytophagales and family Spirosomaceae were clustered closely with Rudanella lutea, 
Spirosoma montaniterrae, and Spirosoma rigui in the maximum likelihood tree. These strains, 
and other members from order Cytophagales, are able to acclimate and survive in a wide range 




analysis and literature review shows that the bacteria of phylum Bacteroidetes associated with 
the 2002 B. atropurpurea sample seem to be more resistant to harsh environments, whereas the 
Bacteroidetes isolates from the 2016 sample are potentially more acclimated to the freshwater 
habitat and could be less adaptable to changes in pH or salinity. Although this correspondence 
between bacteria and alga cannot be confirmed in this study, future work on the relationship 
between Bangia atropurpurea and Bacteroidetes may elucidate additional findings. Further 
changes in the pH and salinity of Lake Ontario may cause more drastic differences in the 
bacterial profile of these algal microbiota. 
The difference in the microbiota of the 2002 and 2016 Bangia atropurpurea samples is 
also evident in the diversity and the composition of bacteria within Proteobacteria. Most 
strikingly, perhaps, is the lack of bacteria from class Gammaproteobacteria in the 2016 sample, 
except for one ASV classified as Aeromonas. In the NCBI database, this ASV aligned at 100% 
identity and E-value of 8e-132 with Aeromonas sobria, which has been associated with toxic 
effects in humans and mammals (Daily et al. 1981). The 2002 sample had 7 ASVs within 
Gammaproteobacteria, including one ASV with 314 sequence reads classified as Pseudomonas, 
a genus that contains strains known to be toxic to other organisms, but did not have a conclusive 
species alignment in the database (Palleroni 2015). Pseudomonas has also been implicated in 
salt-resistance (Ansari et al. 2019) which could provide some benefits to the algal host. 
However, without further metagenomic sequencing it is difficult to confirm the exact functions 
of this Pseudomonas strain. The 2002 sample of Bangia atropurpurea also contained many 
ASVs classified as family Rhodobacteraceae, which have been observed to confer salt resistance 
in coral in the long term (Röthig et al. 2016). Sequences classified as Rhodobacteraceae were 




a direct symbiotic relationship in the scope of algal salt-resistance and presence of 
Rhodobacteraceae has not been established, the coral research indicates that members of this 
bacterial order can potentially help the host become more resistant to salt stress. This change in 
abundance of bacteria with potential salt-tolerant abilities could be indicative of temporary 
associations and may show that this symbiotic relationship is not vital B. atropurpurea. The 2016 
sample had 2 ASVs classified as family Burkholderiaceae (Betaproteobacteria), a group that was 
entirely absent from the 2002 sample. The genera Limnobacter and Lautropia of the family 
Burkholderiaceae are both strictly freshwater microbes that have oxidase and catalase activity 
(Rosenberg 2013). Both algal microbiota contained a variety of unique proteobacterial genera 
with a diverse range of putative functions.  
Regardless of the many differences in bacterial diversity and composition, there is 
evidence for a microbial community that is unique to Bangia atropurpurea, as several bacterial 
genera across 5 phyla were present in both Bangia samples despite a 14-year sampling 
difference. In this analysis, the community of bacteria that appear to be closely associated with 
both samples of B. atropurpurea will be referred to as the core microbiota. A temporal study of 
Cladophora glomerata also demonstrated a putative core algal microbiota consisting of bacterial 
genera that continually colonized the epiphytic community over the span of 3 years (Braus et al. 
2017). In B. atropurpurea, bacteria that persistently occupied the microbiota and were present in 
both samples belong to phyla Bacteroidetes, Cyanobacteria, Deinococcus-Thermus, 
Proteobacteria, and Verrucomicrobia. Some potential core bacteria were also present in other 
algal microbiota, such as genus Lewinella (Bacteroidetes) sequenced from C. glomerata and B. 
fuscopurpurea, and an ASV distantly grouped with genus Jiulongibacter (Bacteroidetes) was 




variety of environments and are adaptable to a range of salinities, acidities, and temperatures 
which may contribute to their persistence in core algal microbiota regardless of species or 
environment (Yoon et al. 2008b; Sly & Fegan 2015; Liu et al. 2016). Bacteria from phylum 
Proteobacteria make up a large portion of the potential core microbiota in Bangia atropurpurea. 
Some of these genera may have protective symbiotic relationships with algae, such as 
Sphingosinicella, Paucibacter, and Sphingorhabdus which are known to be toxin degraders 
(Krishnan et al. 2020). Bacteria from phylum Deinococcus-Thermus are known to have 
protective pathways against oxidative stress, which may also result in a symbiotic bacteria-alga 
relationship (Lee et al. 2016). Some epiphytic bacteria with potential symbiotic functions 
sequenced from Bangia atropurpurea are known to be degraders of algal surface 
polysaccharides, specifically carrageenans and agars found on Rhodophyta (Michel et al. 2006). 
Pseudomonas, Alteromonas, Sphingorhabdus, and Flavobacterium are just a few of the known 
agarase-producing genera (Michel et al. 2006) that were sequenced in the Bangia samples. 
However, these agar-degrading genera were not persistently present in both algal samples so are 
not considered to be part of the core microbiota in this case. From this temporal analysis on the 
microbial communities of Bangia atropurpurea it is evident that adaptable bacterial genera are 
likely to occupy the core algal microbiota, but those with nonessential functions may be more 
variable in their associations with the alga. Other temporal studies have also demonstrated the 
presence of both stable and inconsistent members of the algal microbiota over months and years 
(Braus et al. 2017; Paix et al. 2019). For example, in marine brown alga Taonia atomaria there 
were seasonal clustering of certain bacterial OTUs and associated metabolites, but the alga 
retained a consistent core microbial community of some bacterial sequences over the six 




microbiota have symbiotic relationships with Bangia atropurpurea. However, it is not yet fully 
understood how these symbiotic interactions contribute to the formation of the core microbial 
community or to algal function.  
4.2 – Species-Specific Trends in the Microbiota of Bangia atropurpurea and 
Cladophora glomerata from the Laurentian Great Lakes 
Some species-specific patterns in the microbiota of Cladophora glomerata and Bangia 
atropurpurea are evident. Although the microbial community of B. atropurpurea has not been 
previously characterized, the microbiome of C. glomerata has been sampled and sequenced on 
three separate occasions: in 2011 by Zulkifly et al. (2012), in 2012 by Graham et al. (2015a), and 
in 2014 by Braus et al. (2017). Although these studies sampled algae from Lake Mendota, 
Wisconsin, USA, any similarities in bacterial community members with the Lake Ontario sample 
may be attributed to Cladophora-specific assemblage. Using the bacterial genera observed in 
these Lake Mendota studies to support the bacterial sequence data from Cladophora in the 
present Lake Ontario study, a better comparison of Bangia and Cladophora microbial 
communities might be made.  
There were many similarities in bacterial genera sequenced from the Lake Ontario 
Cladophora glomerata sample in this study and from Lake Mendota in 2011 (Zulkifly et al. 
2012) and 2012 (Graham et al. 2015a). Bacterial genera responsible for methane degradation, 
such as Methylotenera (Proteobacteria), were observed in higher abundances by Zulkifly et al. 
(2012). This genus was also observed in the microbiota of the C. glomerata sample in this 
present study and not in B. atropurpurea, indicating a possible specific association between 
methanotrophic bacteria and Cladophora glomerata. Bacterial genera known to reduce Fe(III), 




from Lake Mendota and Lake Ontario, but not from B. atropurpurea (Zulkifly et al. 2012; 
Graham et al. 2015a). Even some less abundant genera were also found associated with 
Cladophora regardless of the lake it was sampled from: Deinococcus (Deinococcus-Thermus), 
Pirellula (Planctomycetes), Luteolibacter (Verrucomicrobia), and Gemmatimonas 
(Gemmatimonadetes) (Zulkifly et al. 2012; Graham et al. 2015a). Of these rare bacterial taxa, 
Planctomycetes and Gemmatimonadetes were not present in B. atropurpurea. Presence of these 
bacterial genera in C. glomerata across different lakes, indicates potential for symbiotic 
relationships to persist due to species-specific interactions. Alga-specific symbioses could be 
present as some bacterial genera are not present in the bacterial community of B. atropurpurea. 
Interestingly, bacteria from phylum Firmicutes were present in high abundance only in the Lake 
Ontario sample of C. glomerata. Phylum Abditibacteria was a rare bacterial taxon present only in 
Cladophora from Lake Ontario. The distribution of Abditibacteria and Firmicutes in this case 
may be indicative of environment-specific microbes or a temporary association rather than a 
consistent species-specific interaction between bacteria and alga.  
There were also some bacterial genera and phyla that seem to be specific to Bangia 
atropurpurea. For instance, bacterial sequences classified as phylum Cyanobacteria were 
abundant and persistent in both B. atropurpurea microbiota examined in this study. These 
sequences closely clustered with several different cyanobacterial genera including Tychonema, 
Calothrix, and Microcystis. The Cladophora microbial communities from Lake Mendota 
contained low abundances of cyanobacterial sequences and were not part of the putative core 
microbiota (Graham et al. 2015a; Braus et al. 2017), while the Cladophora sample from Lake 
Ontario had no associations with this bacterial phylum. There may be a species-specific 




not abundantly populate the Cladophora microbiota. Another potential Bangia-specific symbiont 
is an ASV that grouped with a cluster of taxa within order Cytophagales (Bacteroidetes) 
consisting of Jiulongibacter sediminis, Taeseokella kangwonensis, and Arcticibacterium 
luteifluviistationis. There were a large number of sequence reads assigned to this ASV in both B. 
atropurpurea samples and in B. fuscopurpurea, but none in C. glomerata from this study nor 
from the Lake Mendota samples. Although the exact identity of this isolate is unknown, this 
could indicate a potential Bangia-specific bacterial interaction. From this analysis it appears 
there are less species-specific bacteria associated with B. atropurpurea compared to C. 
glomerata, which has been studied in more detail. Further characterization of the bacterial 
communities associated with Bangia atropurpurea is necessary to get a better scope of species-
specific symbioses.   
Species-specific assemblage of bacterial communities in algal microbiota have also been 
observed between freshwater green alga Desmodesmus armatus and diatom Stephanodiscus 
minutulus in a series of laboratory experiments (Eigemann et al. 2013). Over multiple 
inoculations of xenic algal samples with bacterial cultures, 55-65% of bacterial species remained 
consistently present in D. armatus indicating a close association with the alga (Eigemann et al. 
2013). Additionally, host-specific microbial community compositions were observed amongst 
three different morphological forms of brown alga Saccharina japonica (Balakirev et al. 2012).  
The bacterial assemblages were also found to be uncorrelated with the depths which the different 
algal strains inhabit. (Balakirev et al. 2012). This provides more evidence for species-specific 




4.3 – Environment-Specific Patterns in the Microbiota of Bangia atropurpurea 
and Marine Red Algae 
 The vast differences in the microbial communities of Bangia atropurpurea and Bangia 
fuscopurpurea could be indicative of the effect environment has on algal microbiota 
composition. Due to low sample quantities and lack of environmental data, direct correlation 
between environmental conditions and bacterial community composition of the alga cannot be 
confirmed. Despite genetic and morphological similarities between these two algae (Sutherland 
et al. 2011), there were only 3 ASVs found in both algal microbiota. There were ASVs clustered 
with Jiulongibacter and Lewinella (Bacteroidetes), and an ASV closely grouped to 
Gemmobacter (Proteobacateria). As previously mentioned, bacteria from genera Jiulongibacter 
and Lewinella are known to be adaptable to a variety of environmental changes and stressors 
(Liu et al. 2016; Sly & Fegan 2015). Research on the Porphyra umbilicalis microbiota by 
Miranda et al. (2013), collected in fall 2010 and winter 2011 from Acadia National Park, Maine, 
was used to supplement the microbial community composition data obtained from Bangia 
fuscopurpurea in the present study. These two algae are closely related and occupy similar 
habitat niches (Sutherland et al. 2011), which makes the comparison worthwhile and provides a 
better sense of the microbial community members that are associated with marine red algae.  
Although the P. umbilicalis samples are taken from a location further south on the east 
coast of North America than the B. fuscopurpurea sample, there are many similarities in the 
microbiota of the two algae due to the marine environment and the close evolutionary relatedness 
(Sutherland et al. 2011). Both B. fuscopurpurea and P. umbilicalis had a large abundance of 
sequence reads assigned to genera Lewinella (Bacteroidetes) and Granulosicoccus 




Ilumatobacter from phylum Actinobacteria and Phycisphaera (Planctomycetes). Bacteria 
classified as genus Phycisphaera have thus far been only isolated and characterized from marine 
Rhodophyta (Fukunaga & Kurahashi 2009). Although this does not eliminate the possibility that 
this bacterium is present in other habitats, its consistent extraction from marine sources may 
indicate a specific association with the marine environment of this algal group. Bacteria from 
phylum Actinobacteria are known to associate with Antarctic algae due to their resistance against 
cold temperatures (Leiva et al. 2015). The large number of actinobacterial sequence reads 
assigned to genera Ilumatobacter and Acidimicrobium isolated from B. fuscopurpurea may be 
indicative of a useful symbiotic association for this alga which was sampled from the Northern 
Atlantic Ocean (table 1). 
Within the most abundant phyla, Bacteroidetes and Proteobacteria, there were similar 
distributions of bacteria from lower taxonomies. For instance, both B. fuscopurpurea and P. 
umbilicalis microbiota had more diversity and abundance of bacterial genera from families 
Saprospiraceae and Flavobacteriaceae, both of which have been primarily isolated from marine 
habitats, and other extreme environments in the case of Flavobacteriaceae (Jooste & Hugo 1999; 
McIlroy & Nielsen 2014). Although bacterial isolates classified as Flavobacteriaceae were 
observed in the freshwater algae, they were not as numerous or diverse as those isolated from the 
marine alga. Bacteria from Saprospiraceae are able to degrade complex proteins and carbon 
sources from surfaces to which they attach (McIlroy & Nielsen 2014). The complex surface 
polysaccharides on algal cells may be one of the many nutrient sources these bacteria consume. 
Additionally, members of the Saprospiraceae have been implicated in resistance to changes in 
conductivity (Schauer et al. 2005). This association between bacteria and alga is more prevalent 




few sequences from this bacterial family. However, there has been evidence of a further invasion 
of B. atropurpurea into Lake Superior, which is generally less conductive than the lower Great 
Lakes (Shea et al. 2014). A microbiome study of Bangia atropurpurea from Lake Superior may 
reveal stronger associations with conductivity-resistant bacteria due to this major difference in 
water chemistry. Finally, the freshwater B. atropurpurea had more bacteria from order 
Cytophagales, which are primarily found in freshwater environments and cannot easily adapt to 
seawater (Reichenbach 1992). Cytophagales bacteria isolated from the Laurentian Great Lakes 
are known to be cellulose degraders (Reichenbach 1992), which could be the basis for a 
symbiotic association between this bacterial taxon and algae.  
There was also much similarity in the bacterial community composition within phylum 
Proteobacteria. Within class Alphaproteobacteria, bacterial genera from families 
Rhodobacteraceae and Sphingomonadaceae were present in both marine and freshwater algae 
but more prevalent in the marine algal microbiota. Rhodobacterceae are a diverse group of 
bacteria that are able to adapt to non-marine environments due to genome plasticity and loss of 
certain genetic pathways that are not needed in freshwater (Simon et al. 2017). 
Sphingomonodaceae are an opportunistic group of bacteria that have been isolated from a variety 
of drinking water sources and can degrade pollutants such as polycyclic aromatic hydrocarbons 
and chloroaromatic compounds (Stolz 2009; Vaz-Moreira et al. 2011). Bacteria classified as 
family Sphingomonodales were more prevalent in freshwater B. atropurpurea, which is an 
observation that is in line with literature findings that show a higher abundance of this bacterial 
group in algae exposed to less saline water samples (Dittami et al. 2016). Order 
Bdellovibrionales (class Oligoflexia), was present only in the microbial communities of the 




but contains a diverse range of bacteria isolated from freshwater, marine, and soil sources that 
have exhibited predatory behaviour against other bacteria (Snyder et al. 2002). There were many 
clear delineations between the marine and freshwater bacterial communities of Bangia 
atropurpurea, Bangia fuscopurpurea, and Porphyra umbilicalis, likely due to the environment-
specific presence of many bacteria.  
There are distinct differences in the water chemistry between marine and freshwater 
environments, such as salinity, nutrient concentration, and pH level that cause these differences 
in microbial community composition (Cavender-Bares et al. 2001). The effect of different 
environmental conditions on microbial community assemblage was also evident in the 
microbiota of marine green algae Caulerpa cylindraeca and Caulerpa prolifera (Morrissey et al. 
2019). The variations in bacterial community composition have statistically significant 
correlations with differences in nutrient availability. For example, about 11% of variation in 
Actinobacteria and 36% of proteobacterial variation in the algal rhizobiome was significantly 
correlated with nitrite concentration (Morrissey et al. 2019).  Environmental factors may be one 
of the biggest contributors to shaping the microbial community composition of algae, and 
metagenomic sequencing coupled with rigorous water chemistry testing may elucidate these 
relationships.  
4.4 – Potential Bacteria-Alga Symbioses  
4.4.1 – Resistance to Oxidative Stress  
Oxidation resistance is an important component of algal survival, especially closer to the 
shoreline in the intertidal or splash zone where solar radiation is more extreme. Multiple 
sequence reads from the 2002 and 2016 Bangia atropurpurea samples and the Cladophora 




Deinococcus-Thermus. The V4 16S rRNA sequence of this bacterial isolate aligned very closely 
to Deinococcus knuensis, Deinococcus seolensis, and Deinococcus aquaticus at a 100% 
sequence identity and E-value of 8e-132 for all three alignments. As with many other bacteria 
from genus Deinococcus, all three of these potential matches for the isolates observed on B. 
atropurpurea and C. glomerata shows presence of oxidase and catalase genes through 
experimentation. These genes code for proteins that confer resistance to gamma radiation (Lee et 
al. 2016, 2017). Protection to the algal host may be offered if the bacterial isolates contain these 
genes, but further metagenomic sequencing is required to confirm these functions and 
interactions.  
4.4.2 –Protection against Toxins 
A mutualistic protective relationship may be occurring involving Proteobacterial isolates 
from genera Paucibacter, Aeromonas, and Sphingophyxis. These taxa were observed in the 
microbiota of all the Lake Ontario algae, where microcystin-producing Cyanobacteria are known 
to occur and bloom in warmer months (Boyer, 2008). Several strains of Paucibacter has been 
shown to degrade microcystin through various genetic pathways (Bourne et al. 2001; You et al. 
2014). Specific gene pathways, such as the mlr genes, and expressed proteins have also been 
elucidated from species within genus Sphingopyxis (Maghsoudi et al. 2016). Additionally, 
Sphingomonas sp. and Aeromonas sp. have shown microcystin-degrading abilities (Bourne et al. 
2006; Mankiewicz-Boczek et al. 2015). Bacteria capable of microcystin degradation outside of 
the phylum Proteobacteria have also been found. Actinobacterial strains belonging to 
Arthrobacter spp. (family Micrococcaceae), Brevibacterium sp. (Brevibacteriaceae), and 
Rhodococcus sp. (Nocardiaceae), have been reported to break down microcystin but do not have 




al. 2009). Although these Actinobacterial strains have not been isolated from any algal 
microbiota in this study, it is important to note that microcystin degrading enzymes can be 
produced from a variety of bacteria through multiple pathways. Often the presence of 
microcystin degrading enzymes is coupled with presence of enzymes that can break down other 
harmful cyanobacterial and non-cyanobacterial peptides (Mou et al. 2013; Santos et al. 2021). 
Although microcystin is a hepatotoxin that primarily affect the livers of humans and animals, 
there is some evidence for the antagonistic effects against photoautotrophic organisms such as 
algae (Babica et al. 2006). The presence of bacteria that can break down microcystin and other 
toxic peptides in the microbiota of algae living amongst toxin-producing Cyanobacteria is a 
possible indicator of mutualistic symbiosis that may protect the algal host.     
4.4.3 – Vitamin B12 Synthesis  
  The mutualistic relationship between auxotrophic algae and microbial synthesizers of 
vitamin B12 has been demonstrated in a variety of studies (Croft et al. 2005; Kazamia et al. 
2012). Although not all algae require an external supply of cobalamin, two algae studied in this 
present thesis, Bangia fuscopurpurea and Cladophora glomerata, do need vitamin B12 for proper 
function and growth (Hoflmann 1990; Croft et al. 2005). The auxotrophic status of Bangia 
atropurpurea is not confirmed but can be assumed due to its close evolutionary relationship with 
B. fuscopurpurea. There are several bacteria implicated in the de novo production of vitamin B12, 
including Pseudomonas denitrificans, Propionibacterium shermanii, and Sinorhizobium meliloti, 
which are all used in industrial production of this compound (Martens et al. 2002). Other 
bacteria from order Rhizobiales (Proteobacteria), such as Mesorhizobium loti and Rhizobium 
leguminosarum, have demonstrated close mutualistic interactions with algae on the basis of 




Synechococcus have demonstrated production of pseudocobalamin, but this form of vitamin B12 
may not be used by algae (Helliwell et al. 2016).  In the present study, sequences classified as 
genera Pseudomonas and Sinorhizobium were identified in B. atropurpurea and C. glomerata. 
Vitamin B12-synthesizing bacteria from order Rhizobiales were not identified in B. 
fuscopurpurea but it is likely that mutualistic interactions involving microbial synthesis of 
cobalamin occur in this alga as well.  Although exact functions of these bacteria cannot be 
confirmed, this taxonomic classification indicates potential vitamin B12 mutualism between the 
bacteria and algal host.  
4.5 – Phyla of Interest 
4.5.1 - Cyanobacteria 
The Cyanobacteria were a prevalent group of bacteria in both Bangia atropurpurea 
samples but were not observed in any other algal samples within this project. Cyanobacteria are 
well represented in all Laurentian Great Lakes and have been observed in the microbiota of 
Cladophora glomerata in several studies, albeit in low abundance (Ibsen et al. 2014; Graham et 
al. 2015a; Paver et al. 2020). The lack of cyanobacterial isolates in other algal samples in this 
study could be due to weak associations with the alga or insufficient sampling, and in future 
studies can be remedied with more sampling from a variety of sites. The sequences classified as 
Cyanobacteria spanned several orders, including Synechococcales, Cyanobacteriales, 
Oscillatoriales, and Leptolyngbyales. A bacterial isolate from the 2002 B. atropurpurea was 
closely clustered with Calothrix desertica, a nitrogen-fixing cyanobacteria (Stancheva et al. 
2013). One ASV sequenced from both B. atropurpurea samples distantly grouped with genus 
Planktothrix, which is known to contain genes that code for microcystins, a family of 




2002 B. atropurpurea sample, grouped closely with cyanotoxin-producing species Tychonema 
bourrellyi (Buratti et al. 2017). Both Planktothrix and Tychonema have been known to 
specifically produce toxins microcystin and anatoxin. The presence of toxin-producing 
cyanobacteria within the algal microbial community may be due to the blooming of these genera 
in the Great Lakes especially during the summer months (Boyer 2008), although there seems to 
be a closer relationship between Cyanobacteria and Bangia than with Cladophora despite 
occupying similar habitats. Microcystins have also been implicated in allelopathy against algae 
as they are potent phosphatase inhibitors (Babica et al. 2006). If this is the case, the underlying 
cause for the association between toxin-producing Cyanobacteria and Bangia atropurpurea 
could be an important research focus in the future. 
The ability to fix nitrogen is another known feature of some Cyanobacteria. In the 2002 
sample of Bangia atropurpurea, presence of heterocyst-forming bacteria Calothrix desertica was 
observed (Bauersachs et al. 2009). While most macroalgae are capable of assimilating organic 
nitrogenous compounds such as NO3
-, NH4
+, or NO2
-, reliance on bacterial symbionts for 
nitrogen fixation, or converting N2 into these molecules, may be necessary if they are not readily 
available in the water (Giordano & Raven 2014). Association between nitrogen-fixing 
Cyanobacteria Calothrix sp and Anabaena sp and green marine macroalga Codium decorticatum 
has been observed to improve algal nitrogen assimilation (Rosenberg & Paerl 1981). Although 
studies have shown proof of many Cyanobacteria-driven assimilation of nitrogen in terrestrial 
plants (Issa et al., 2014), this relationship is poorly described in the scope of algae. Additionally, 
due to lack of existing research on the Bangia atropurpurea microbiota, it is unclear if nitrogen-
fixing species are symbiotically significant to this alga. The concentration of reduced 




making them readily available for macroalgal assimilation (Dove & Chapra 2015). This could 
potentially limit the need for algal association with nitrogen fixing bacterial symbionts. 
4.5.2 – The PVC Superphylum 
 Planctomycetes and Verrucomicrobia are bacterial phyla within the PVC superphylum 
(Wagner & Horn 2006) that have been observed in many algal microbiota, but exact symbiotic 
associations are not well understood. A meta-analysis of algal microbiota research by Goecke et 
al. (2013) revealed that bacterial genera from Verrucomicrobia and Planctomycetes are present 
in varied abundance across several freshwater and marine algae, including Rhodophyta, 
Chlorophyta, and Ochrophyta (Lachnit et al. 2011; Miranda et al. 2013; Morrissey et al. 2019). 
The verrucomicrobial and planctomycetal sequences obtained in the present study were primarily 
isolated from Cladophora glomerata and Bangia fuscopurpurea and had similar classifications 
as described in other algal microbiota research. The primary function of Planctomycetes and 
Verrucomicrobia bacteria seem to be polysaccharide degradation (Cardman et al. 2014), but 
more comprehensive genomic studies have uncovered other functional genes that may be 
implicated in algal function (Kim et al. 2016; Cabello-Yeves et al. 2017; Vollmers et al. 2017).  
4.5.2.2 - Verrucomicrobia 
 Verrucomicrobial bacteria have been isolated from a diverse range of environments 
including soil (Kant et al. 2011), human and animal guts (Derrien et al. 2004), and associated 
with coral and algae in both marine and freshwater habitats (Yoon et al. 2008a). This phylum is 
divided into 3 classes, Opitutae, Terrimicrobia, and Verrucomicrobiae (Phylum 
“Verrucomicrobia” n.d.), but all ASVs identified in this study were classified as 
Verrucomicrobiae. A metagenomic analysis of Verrucomicrobia isolated from freshwater 




metabolism of simple and complex carbohydrates, phosphate transporters and enzymes for 
catalyzing phosphate degradation, and nitrogen fixing (Cabello-Yeves et al. 2017). Although 
these bacteria were not classified to the genus level, the presence of genes coding for 
polysaccharide-degrading enzymes in freshwater Verrucomicrobia may be indicative of potential 
symbiotic associations with algae. The presence of the nif operon, which is involved in the 
nitrogen fixation pathway, is rare in freshwater bacteria and may be another symbiotic 
association with the algal host (Rosenberg & Paerl 1981; Cabello-Yeves et al. 2017). This may 
be relevant to three verrucomicrobial ASVs that were isolated from Cladophora glomerata and 
Bangia atropurpurea in the present study. One of these ASVs found in all samples from Lake 
Ontario (B. atropurpurea 2002 & 2016, and C. glomerata) was closely clustered with 
Luteolibacter yonseiensis and Luteolibacter luojiensis. Both of these strains were found to have 
extremely low tolerance for salinity but could survive temperatures ranging from 4°C to 30°C 
(Jiang et al. 2012; Park et al. 2013). Out of 4 ASVs isolated from Bangia fuscopurpurea, two 
were distantly grouped with genus Roseibacillus, one with strains from genus Rubritalea, and 
one distantly grouped with genus Roseimicrobium. Representative bacteria from genera 
Roseibacillus and Rubritalea have been isolated from marine environments and can tolerate 
salinity up to 7% NaCl (Yoon et al. 2008a; Song et al. 2018). Bacteria from genus 
Roseimicrobium have been isolated from soil and has tolerance for lower salinity concentrations 
(Otsuka et al. 2013). Overall, verrucomicrobial samples isolated from the marine alga Bangia 
fuscopurpurea seem to be more adapted to higher salinity and harsher conditions than those 
isolated from the freshwater algae, which is consistent with bacterial community members from 
other phyla. At this point there are no detailed functional genomic analyses of these bacterial 




4.5.2.1 - Planctomycetes 
 There were three ASVs classified as phylum Planctomycetes in this study which 
clustered closely with Phycisphaera mikurensis, Pirellula staleyi, and Fimbriiglobus ruber in the 
maximum likelihood phylogenetic tree (figure 8). Phycisphaera mikurensis, which was 
sequenced in the Bangia fuscopurpurea sample in this study, was first isolated and characterized 
from marine red alga Porphyra sp. (Fukunaga & Kurahashi 2009). Although this bacterial isolate 
was only able to grow in saline environments in culturing experiments (Fukunaga & Kurahashi 
2009), order Phycisphaerales, to which this species belongs, is also found in hypersaline, 
freshwater, wastewater, soil, and animal microbiomes (Spring et al. 2018).  In a genomic 
analysis of three Planctomycetes strains isolated from Porphyra umbilicalis, several functionally 
important gene families were identified (Kim et al. 2016). These strains fell within a clade that 
includes genera Blastopirellula, Pirellula, and Rhodopirellula. The ASV classified as Pirellula 
staleyi isolated from Cladophora glomerata in the present study is closely related to the 
planctomycetes strains examined by Kim et al. (2016). The genomic study of these 
Planctomycetes strains revealed a large group of sulfatase genes, which catalyze the degradation, 
hydrolysis, or synthesis of compounds that contain esterified sulfate (Kim et al. 2016). These 
planctomycetal strains also contained several genes dedicated to polysaccharide degradation, 
including agarases, carageenases, and xylanases (Kim et al. 2016). Pirellula staleyi and 
Phycisphaera mikurensis have several enzymes belonging to these gene families (Kim et al. 
2016). A large portion of the cell surface polysaccharides on Cladophora glomerata are sulfated, 
which is a likely explanation for the symbiotic relationship between sulfate-degrading 
Planctomycetes and this alga (Surayot et al. 2016). Two of the planctomycetal strains described 
by Kim et al. (2016) also had genes that encode for selenoproteins, which have been shown to 




Gladyshev 2002). The last planctomycetal ASV, clustered with Fimbriiglobus ruber (order 
Planctomycetales, family Gemmataceae), was first isolated from peat and has been associated 
with Crustceans, but not algae (Kulichevskaya et al. 2017; Ravin et al. 2018). This species has 
been observed to degrade chitin and can be grown on other polysaccharides such as xylan (Ravin 
et al. 2018). Genetic sequencing of F. ruber revealed gene pathways coding for chitinase that 
were acquired through lateral gene transfer, and the ability to obtain nitrogen through chitin 
degradation was also observed (Ravin et al. 2018). The association of this species with 
Cladophora glomerata is not surprising as the alga has a chitinous outer layer of the cell wall 
(Pankiewicz et al. 2016). Despite the diverse array of functions that planctomycetal bacteria 
demonstrate, the symbiotic relationships with algal hosts seem to have mutualistic or commensal 
explanations.   
4.6 – Conclusions and Future Work 
4.6.1 – Characterization of the Bacterial Community of Bangia atropurpurea  
 The bacterial communities of marine and freshwater algae have become of greater 
interest in recent years, but there is still a significant gap in the research of freshwater red algal 
microbiomes and microbiota. Bangia atropurpurea is an invader of the Laurentian Great Lakes, 
and understanding the entire biological system of this alga, including the microbiome and its 
symbiotic associations, is vital to obtaining the full scope of algal function (Graham et al. 
2015b). Characterization of the microbiota and further metagenomic sequencing may provide 
more information on how to mitigate the invasion of B. atropurpurea as it adapts to novel 
environmental conditions. Currently there is no published research that investigates the bacterial 




The microbiota of two marine red algae, Bangia fuscopurpurea and Bangia maxima, 
were also characterized for the first time. The bacterial community of Bangia maxima was 
observed to be of extremely low diversity and abundance, and thus was not discussed at great 
length. Reasons for this poor associated microbial community are unknown but may be a result 
of DNA extraction or sequencing errors, or perhaps the unique habitat of this alga (Gardner 
1927) is not conducive to formation of a microbiome. Unfortunately, there is no research on 
microbiomes or microbiota of algae that grow on unsubmerged boulders that can confirm this 
finding.  
 Analysis of the bacterial composition of Bangia atropurpurea was conducted through 
several comparisons to other algal microbiota. In the temporal analysis of the B. atropurpurea 
samples from 2002 and 2016, the diversity and abundance of the bacterial community was 
observed to be much lower in the 2016 sample compared to the 2002 sample. This may be an 
artefact of having only one experimental replicate for each algal sample and this result might not 
accurately reflect the true bacterial associations with the algal host. The bacteria phyla that were 
isolated only from the 2002 sample were those that are generally found in lower abundances in 
the water column and algal microbiota, such as Acidobacteria and Actinobacteria. The lack of 
these phyla in the 2016 sample could be a result of low sequencing resolution or reflect 
temporary bacteria-alga associations that are not always captured with V4 region 16S rRNA 
gene sequencing. Changes in the bacterial community composition could also be reflective of 
fluctuations in the water quality and chemistry of the Great Lakes (Paver et al. 2020). Bacterial 
genera from the most abundant phyla, Proteobacteria and Bacteroidetes, had a diverse range of 
presumed functions in both samples but the bacterial taxa from these phyla in the 2016 B. 




adaptable to environmental stressors. With this analysis of the B. atropurpurea bacterial 
communities, a putative core microbial community was established. This community consisted 
of genera with functions that may drive strong associations with the alga, such as degradation of 
cell surface polysaccharides agar and carrageenan, or protection against oxidative stress.  
The microbiota of Bangia atropurpurea and Cladophora glomerata have some similarities, 
but there are likely some species-specific bacterial associations for each alga. This analysis 
between B. atropurpurea and C. glomerata revealed many broad differences in their microbial 
communities. Bacterial sequences classified as phyla Planctomycetes or Gemmatimonadetes 
were found only in C. glomerata, while phylum Cyanobacteria was observed solely in B. 
atropurpurea. The bacteria associated with Cladophora were substantiated by several other 
studies (Zulkifly et al. 2012; Graham et al. 2015a; Braus et al. 2017), but more research is 
needed on the microbiota of Bangia atropurpurea to confirm these species-specific associations.  
Assemblage of bacteria in algal microbiota is also dependent on environmental factors, such 
as nutrient input or aquatic conditions (Morrissey et al. 2019). The relationship of bacterial 
community composition to the environment and geolocation was investigated with a pairwise 
analysis of Bangia atropurpurea and Bangia fuscopurpurea, which are closely related algae but 
are found in differing habitats. The microbiota of these two algae had the most divergence in 
bacterial community composition illustrating environment-specific associations, which is 
supported by the literature (Balakirev et al. 2012; Morrissey et al. 2019). Bacteria native to their 
habitats, whether it be freshwater or saline, are generally acclimated to those conditions and are 
specific to that locale. As a result, bacteria rarely transition between freshwater and marine 
environments, but that has been shown to occur (Herlemann et al. 2011). In the present study, 




the marine B. fuscopurpurea were generally more adaptable to environmental stressors which 
may support algal survival in harsh conditions. Overall, a significant difference in bacterial 
communities of algae was likely observed due to environmental differences.   
4.6.2 – Potential Bacterial Symbionts and Phyla of Interest 
  Several genera were observed with putative functions that may indicate a close 
symbiotic relationship with the algal host. An ASV classified as genus Deinococcus from 
Deinococcus-Thermus, isolated from both Bangia atropurpurea samples and Cladophora 
glomerata, has been experimentally shown to produce proteins that are resistant against 
oxidative stress caused by gamma radiation, although presence of these gene products cannot be 
confirmed in this study (Lee et al, 2016, 2017). These algal samples from Lake Ontario also had 
associations with various proteobacterial genera that have been observed to produce enzymes 
that degrade microcystin and other toxic peptides. Presence of microcystin-producing 
Cyanobacteria in Lake Ontario and other Great Lakes could result in these potential protective 
bacterial associations that may be vital to algal survival and health. Additionally, bacteria from 
order Rhizobiales that synthesize vitamin B12 had associations with auxotrophic algae Bangia 
atropurpurea and Cladophora glomerata. Although these symbionts were not observed to 
associate with Bangia fuscopurpurea, there is likely a different bacterial association that 
provides vitamin B12 to this alga. Oxidative stress protection, toxin degradation, and vitamin B12 
production are only a few of the vital symbiotic interactions that might occur between bacteria 
and algal host and were observed in this study of algal microbiota. 
 Other phyla isolated from algal samples have non-vital putative functions that foster the 
close association between bacteria and host. Association between Bangia and Cyanobacteria 




microcystin-producing cyanobacterial genera may reflect a temporary association with the alga 
simply due to its presence in the water column (Paver et al. 2020), and not as a close mutualistic 
or commensal relationship. As discussed previously, algae may form associations with bacteria 
that produce protective microcystin-degrading enzymes to mitigate the presence of harmful 
Cyanobacteria. Bacteria from phyla Verrucomicrobia and Planctomycetes have been observed to 
form close associations with many algae, and may have vital symbiotic associations despite low 
abundances in algal microbial communities (Goecke et al. 2013). Genomic analyses of bacterial 
genera from both of these phyla revealed specialized polysaccharide-degrading functions 
(Cardman et al. 2014; Vollmers et al. 2017). Some planctomycetal genera were implicated in 
more protective functions, such as genes encoding selenoproteins. In-depth metagenomic 
analyses that uncover specific bacterial functions provide an enormous wealth of knowledge to 
understanding bacteria-alga interactions.  
From this preliminary analysis, bacterial associations with Bangia atropurpurea seem to 
be driven by protective, vital, or neutral functions that may be commensal or mutualistic in 
nature. There may also be parasitic bacterial symbionts but were not observed in the present 
study. However, it is important to keep in mind that exact functions of associated bacterial 
isolates cannot be confirmed with 16S rRNA gene sequence classification. Thorough 
metagenomic analysis is necessary to elucidate presence of functional genes and establish these 
symbiotic interactions. Although a putative microbiota of Bangia atropurpurea has now been 
established, more research that characterizes the microbial community of this alga is vital to 
substantiate these findings. Freshwater algal microbiomes, especially those of red algae, are not 
well studied and characterization of the microbiota is essential to a comprehensive understanding 
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Figure 10 Relative abundance bar plot of all bacterial genera across all algal samples. Ban_Max: 
Bangia maxima, BLO_02: Bangia atropurpurea (2002), BLO_16: Bangia atropurpurea (2016), 
Clad: Cladophora glomerata, NF_F: Bangia fuscopurpurea.  
Table 4 Detailed list of microbes and assigned phylum and genus taxonomies. Taxonomies were 
assigned using the SILVA database in QIIME2 and any nomenclature errors were modified 
using the NCBI database. Each table shows distribution of bacterial phyla and genera in each 
pairwise analysis from figures 3 to 5. The pairwise analysis shows unique and overlapped 
bacteria between: A) Bangia atropurpurea 2002 and 2016, B) Bangia atropurpurea (2002) and 
Bangia fuscopurpurea, C) Bangia atropurpurea (2002) and Cladophora glomerata.   
A 
Microbial genera (and their phyla) 
unique to Bangia atropurpurea (2002) 
Microbial genera (and their phyla) 
unique to Bangia atropurpurea (2016) 
Microbial genera (and phyla) found in 








Stenotrophobacter Ferruginibacter Lewinella 
Actinobacteria 
 
Geodermatophilus Niastella Cyanobacteria 
 
Trichocoleus 
















Fibrella Aeromonas Pseudochelatococcus 
Flaviaesturariibacter Hydrogenophaga Gemmobacter 






Pedobacter Limnobacter Paucibacter 
Rudanella Rubrivax Porphyrobacter 
Spirosoma Aquidulcibacter Sphingorhabdus 
Cyanobacteria Aliterella   Sphingosinicella 


















































Microbial genera unique to Bangia 
atropurpurea (2002) 
Microbial genera unique to Bangia 
fuscopurpurea 






Acidimicrobium Bacteroidetes Jiulongibacter 




































































































Microbial Genera Unique to Bangia 
atropurpurea (2002) 
Microbial Genera Unique to 
Cladophora glomerata 
Microbial Genera in Both Algae 
Acidobacteria 
 
Blastocatella Abditibacteriota Abditibacterium Bacteroidetes 
 
Chryseobacterium 
























Juilongibacter Lewinella Arenimonas 
Pedobacter Niastella Blastomonas 
Rudanella Portibacter Bosea 
Spirosoma Runella Brevundimonas 









 Aliterella  Exiguobacterium Gemmobacter 
Calothrix Lactococcus Paucibacter 
Planktothrix Romboutsia Phreatobacter 
























Deinococcus Altererythrobacter Sulfuritalea 






































Table 5 Relative abundance of each phylum, in percentage and number of ASVs, out of all 
samples and within each sample. Relative abundance of each phylum is considered based on 





































0 12.90% (8) 11.54% (3) 0 2.17% (1) 
Firmicutes 5.26
% (8) 
0 1.61% (1) 0 7.35% (5) 4.35% (2) 
Actinobacteria 3.95
% (5) 
0 3.22% (2) 0 2.94% (2) 4.35% (2) 
Verrucomicrobia 3.29
% (5) 
0 1.61% (1) 3.85% (1) 2.94% (2) 6.52% (3) 
Planctomycetes 1.97
% (3) 
0 0 0 2.94% (2) 2.17% (1) 
Deincoccus-Thermus 1.97
% (3) 
0 4.84% (3) 3.85% (1) 1.47% (1) 0 
Acidobacteria 1.97
% (3) 
0 3.22% (2) 0 1.47% (1) 0 
Abtidibacteria 0.66
% (1) 
0 0 0 1.47% (1) 0 
Tenericutes  0.66
% (1) 
0 0 0 0 2.17% (1)  
Gemmatimonadetes 0.66
% (1) 
0 0 3.85% (1) 1.47% (1) 0 
 
 
 
